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Abstract

Abstract
This thesis focuses on the interaction of beta amyloid (Aβ) peptides with fullerene, fullerenols,
and copper ions Cu2+, which may have implications in the therapy of Alzheimer’s disease (AD).
It consists of two parts that include the influence of (1) fullerene and fullerene derivatives and (2)
copper ions on Aβ aggregation and fibrils. The overarching aim of the thesis is to contribute new
knowledge in the research area of AD, which will eventually lead to potential novel treatments.
Understanding the many factors that affect AD remains challenging till date. As a result,
fundamental questions for the cause and progress of this disease remain open as well. Hence,
there is currently no cure, despite extensive efforts in this direction for decades. This also includes
efforts to understand and dismantle the neurotoxic Aβ aggregates, which are considered the
hallmark of AD and they presently constitute the most interesting target for AD therapy strategies.
Nowadays, computer simulation has become a useful tool for complementing experiments in
biological systems since it can provide insights into the mechanisms of biological processes at the
atomistic level. Here, computer docking and molecular dynamics simulations have indicated that
fullerenes strongly interact with Aβ fibrils. Moreover, the strength of this interaction is sizedependent, that is the bigger the size of fullerene, the stronger the binding affinity with the Aβ
fibril. Among the five investigated fullerenes, namely, C20, C36, C60, C70, and C84, C60 was
also found to have a special ability to destabilize the fibril structure as it can penetrate fibrils
efficiently. Because fullerenes are insoluble, we studied their derivative called fullerenol
(C60(OH)16), which is highly soluble in water and its effect on Aβ aggregation. Using both in vitro
experiments and computer simulations, we have observed that fullerenol effectively reduces the
formation of Aβ fibrils. In addition, we have assessed the nontoxicity of fullerenol to
neuroblastoma SH-SY5Y. These findings render fullerenol C60(OH)16 a potential candidate for
future AD treatments.
In the second part of the dissertation, we studied the effects of Cu2+ on the structures and
aggregation of Aβ. This is also an important area of research in the field of neurodegenerative
diseases since copper ions can alter aggregation pathways, aggregate morphology, and more
importantly, neurotoxicity. The first important step to set up molecular simulations, we
constructed the force field for the Aβ–Cu2+ interaction assuming that Cu2+ covalently binds to the
prevailing position at the N-terminus. We found that the presence of copper promotes the
amorphous aggregation of Aβ rather than the ordered aggregation. Moreover, consistent with
experiments, at high concentration (Cu2+:Aβ = 1:1) Cu2+ was found to delay the Aβ dimerization
process, which is due to the reduction in hydrophobicity in the presence of copper ions. It has
been shown that Cu2+ binding induces polymorphism in the Aβ peptide, which can lead to a wide
variety of soluble forms leading to increased neurotoxicity.
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Chapter 1: Introduction

1 Introduction
1.1 Background and aims
Alzheimer’s disease (AD) is the most common form of dementia, which mainly manifests among
the elderly and concerns an ever-larger part of our societies in view of the aging population [1,
2]. The intracerebral accumulation of beta-amyloid (Aβ) peptides [3], which form toxic
extracellular amyloid–β (Aβ) plaques [3], and intracellular accumulation of τ-protein as
neurofibrillary tangles (NFTs) [4] are believed to constitute the main causes for the progressive
loss of brain synapses, which results in cognitive deterioration and neurons’ death and eventually
AD. While different hypotheses are currently existing in the literature, recent genetic and
pathological evidence provides support in favor of the Aβ cascade hypothesis [5-7], which
underlines the role of Aβ peptides in the development of AD.
The two most common forms of Aβ peptides found in the neurotoxic plaques consist of either 40
(Aβ40) or 42 (Aβ42) amino acids, with the Aβ42 believed to be more toxic although less abundant.
Both Aβ peptides are produced by the proteolytic cleavage by β- and γ-secretases of the amyloid
precursor protein (APP), which is an integral membrane protein expressed in many tissues and
concentrated in the synapses of neurons. In general, Aβ40 and Aβ42 are soluble in an aqueous
environment under certain conditions. Also, they can form oligomers and aggregate into fibrils
and plaques under physiological conditions. When observed in vitro in an aqueous solution, shortliving monomeric forms of the Aβ peptides have no specific structure, i.e., they fall into the
category of intrinsically disordered proteins (IDPs). However, monomers rapidly start to
aggregate forming relatively soluble oligomers, which in turn form highly ordered insoluble
protofibrils and eventually extended fibrils and plaques [8, 9], which are characterized by rich
β−sheet motifs [10-13]. Monomers themselves are not toxic to neurons [14], but their aggregates,
including Aβ oligomers, have been found to be highly toxic [15-17]. Moreover, amyloid plaques
were initially believed to be more toxic to brain cells [12, 13], but recent studies suggest that
smaller soluble Aβ oligomeric agents are more toxic to neurons in comparison to mature amyloid
fibrils [3, 7, 17, 18]. In view of the high toxicity of Aβ oligomers, many studies have focused on
controlling their aggregation before this process begins [19]. Hence, current therapeutic
approaches for tackling AD focus either on blocking Aβ misfolding and decreasing their
production [5, 20, 21] or on disassembling Aβ aggregates and clearing existing amyloid plaques
[22], which are oligomers or fibrils.
With the focus on the above objectives, a plethora of potential inhibitors, such as polyamines [23,
24], metal chelators [25], chaperones [26], carbohydrate-containing compounds [27, 28],
osmolytes [29], short peptides [30, 31], RNA aptamers [32], nutraceuticals, other small molecules
[33] and nanoparticles [34-37], etc. have emerged as possible candidates for AD therapeutics over
the last years.
In this thesis, we considered another class of small compounds called fullerenes and studied their
effect on the structure and dynamics of Aβ. Using computer simulations, we have shown that the
binding affinity of fullerenes to Aβfibrils increases with their size (the number of carbon atoms).
However, since fullerenes are not soluble in water they cannot be used as inhibitors of Aβ
aggregation. To solve this problem, we have added 16 OH groups to obtain the so-called fullerenol
(C60(OH)16), which has high solubility.
Combining docking, molecular dynamics simulations with in vitro experiments performed by
our collaborators from Slovakia and Romania, we have shown that fullerenol is a good candidate
for AD treatment as it can inhibit Aβ aggregation
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It is known experimentally that metal ions such as Cu, Zn, and Fe are present in the brain of a
patient with AD in high concentrations. Metal ions can change not only the rate of aggregation
but also the morphology of aggregate due to strong binding to Aβ [38], which makes research in
this area a hot topic in recent years. Computational studies have been mainly focused on the
interaction of Cu2+ with Aβ monomers [39] and its effect on the behavior of oligomers remains
poorly understood. In the second part of this thesis, we study the effect of copper ions on Aβ with
a focus on dimers. Our results were consistent with available experimental data. They can be
helpful in understanding the role of copper in AD, which is controversial in the literature, and in
the search for a cure or treatment for this condition.

1.2 Other important information
My thesis is organized as follows:
Chapter 2: Literature review on Alzheimer’s disease, amyloid hypothesis and the role of copper.
Chapter 3: Computational methods used for the thesis.
Chapter 4: Impact of fullerenes and fullerenol (C60(OH)16) on Aβ fibrils and Aβ aggregation.
Chapter 5: In silico results about the influence of copper ion (Cu2+) on the behavior of Aβ when
in a bound state with the peptide.
Chapter 6: Conclusions and future work.
List of publications presented in this thesis
1. Pham Dinh Quoc Huy, and Mai Suan Li. "Binding of fullerenes to amyloid beta fibrils:
size matters." Physical Chemistry Chemical Physics 16, no. 37 (2014): 20030-20040.
2. Bednarikova Zuzana*, Pham Dinh Quoc Huy*, Maria-Magdalena Mocanu, Diana
Fedunova, Mai Suan Li, and Zuzana Gazova. "FullerenolC60(OH)16 prevents amyloid
fibrillization of Aβ40 - in vitro and in silico approach." Physical Chemistry Chemical
Physics 18, no. 28 (2016): 18855-18867. (*equal contribution)
3. Pham Dinh Quoc Huy, Quan Van Vuong, Giovanni La Penna, Peter Faller, and Mai Suan
Li. "Impact of Cu (II) binding on structures and dynamics of Aβ42 monomer and dimer:
Molecular dynamics study." ACS chemical neuroscience 7, no. 10 (2016): 1348-1363.
4. Pham Dinh Quoc Huy, Mai Suan Li, and Giovanni La Penna. "Copper binding induces
polymorphism in amyloid-β peptide: results of computational models." The Journal of
Physical Chemistry B 122, no. 29 (2018): 7243-7252.
Other publications
1. Pham Dinh Quoc Huy, Yao-Chung Yu, Son Tung Ngo, Tran Van Thao, Chinpiao Chen,
Mai Suan Li, and Yi-Cheng Chen. "In silico and in vitro characterization of antiamyloidogenic activity of vitamin K3 analogues for Alzheimer’s disease." Biochimica et
Biophysica Acta (BBA)-General Subjects 1830, no. 4 (2013): 2960-2969.
2. Vuong Van Quan, Zuzana Bednarikova, Andrea Antosova, Pham Dinh Quoc Huy,
Katarina Siposova, Nguyen Anh Tuan, Mai Suan Li, and Zuzana Gazova. "Inhibition of
insulin amyloid fibrillization by glyco-acridines: an in vitro and in silico study."
MedChemComm 6, no. 5 (2015): 810-822.
3. Nguyen Tin Trung, Duy Phuoc Tran, Pham Dinh Quoc Huy, Zung Hoang, Paolo Carloni,
Phuc Van Pham, Chuong Nguyen, and Mai Suan Li. "Ligand binding to anti-cancer target
CD44 investigated by molecular simulations." Journal of molecular modeling 22, no. 7
(2016): 165.
4. Ngo Son Tung, Shang-Ting Fang, Shu-Hsiang Huang, Chao-Liang Chou, Pham Dinh
Quoc Huy, Mai Suan Li, and Yi-Cheng Chen. "Anti-arrhythmic medication propafenone
Pham Dinh Quoc Huy

Page 2

Interaction of fullerene derivatives and Cu2+ ions with amyloid-beta peptides and their fibrils
Chapter 1: Introduction

5.

6.

7.

8.

9.

10.

11.

12.

a potential drug for Alzheimer’s disease inhibiting aggregation of Aβ: in silico and in
vitro studies." Journal of chemical information and modeling 56, no. 7 (2016): 13441356.
Pham Dinh Quoc Huy, Nguyen Quoc Thai, Zuzana Bednarikova, Le Huu Phuc, Huynh
Quang Linh, Zuzana Gazova, and Mai Suan Li. "Bexarotene does not clear amyloid beta
plaques but delays fibril growth: Molecular mechanisms." ACS chemical neuroscience 8,
no. 9 (2017): 1960-1969.
Wojciechowski, Micha, Bartosz Róycki, Pham Dinh Quoc Huy, Mai Suan Li, Edward A.
Bayer, and Marek Cieplak. "Dual binding in cohesin-dockerin complexes: the energy
landscape and the role of short, terminal segments of the dockerin module." Scientific
reports 8, no. 1 (2018): 1-14.
Pham Dinh Quoc Huy, Nguyen Quoc Thai, Zuzana Bednarikova, Huynh Quang Linh,
Zuzana Gazova, and Mai Suan Li. "Bexarotene cannot reduce amyloid beta plaques
through inhibition of production of amyloid beta peptides: in silico and in vitro study."
Physical Chemistry Chemical Physics 20, no. 37 (2018): 24329-24338.
Krupa Pawel, Pham Dinh Quoc Huy, and Mai Suan Li. "Properties of monomeric Aβ42
probed by different sampling methods and force fields: Role of energy components." The
Journal of chemical physics 151, no. 5 (2019): 055101.
Pham Dinh Quoc Huy, Pawel Krupa, Hoang Linh Nguyen, Giovanni La Penna, and Mai
Suan Li. "Computational Model to Unravel the Function of Amyloid–β Peptides in
Contact with a Phospholipid Membrane." The Journal of Physical Chemistry B 124, no.
16 (2020): 3300-3314.
Nguyen Truong Co, Pham Dang Lan, Pham Dinh Quoc Huy, and Mai Suan Li. "Heatinduced degradation of fibrils: Exponential vs logistic kinetics." The Journal of Chemical
Physics 152, no. 11 (2020): 115101.
Boopathi Subramanian, Pham Dinh Quoc Huy, Wendy Gonzalez, Panagiotis E.
Theodorakis, and Mai Suan Li. "Zinc Binding Promotes Greater Hydrophobicity in
Alzheimer’s Aβ42 peptide than Copper Binding: Molecular Dynamics and Solvation
Thermodynamics Studies." Proteins: Structure, Function, and Bioinformatics 88, no. 10
(2020): 1285-1302. DOI: 10.1002/prot.25901
Daniela Marasco, Caterina Vicidomini, Pawel Krupa, Federica Cioffi, Pham Dinh Quoc
Huy, Mai Suan Li, Daniele Florio, Kerensa Broersen, Maria Francesca De Pandis, and
Giovanni N. Roviello. "Plant isoquinoline alkaloids as potential neurodrugs: A
comparative study of the effects of benzo[c]phenanthridine and berberine based Q5
compounds on beta-amyloid aggregation." Chemico-Biological Interactions (2020):
109300 DOI:10.1016/j.cbi.2020.109300

Publication metrics
Total number of citations without self-citations: 182
h-index: 8
(Data were taken from Web of Science on January 14th, 2021)

Pham Dinh Quoc Huy

Page 3

Interaction of fullerene derivatives and Cu2+ ions with amyloid-beta peptides and their fibrils
Chapter 2: Literature review

2 Literature review
2.1 Alzheimer’s Disease and amyloid cascade hypothesis
2.1.1 Alzheimer’s disease
Among all dementia, Alzheimer’s Disease (AD) is the most prevalent, accounting for up to 6070 % [40, 41] of all cases of dementia. According to the WHO, there are about 50 million people
who are living with dementia. Moreover, the number of AD patients is quickly increasing as life
expectancy is getting higher; every year there are about 10 million new cases [WHO]. The number
of cases in 2050 is projected to reach 152 million [41]. While AD significantly affects the life
quality of patients, it also entails an important economic burden. Currently, there is no cure and
only five drugs have been approved over the last years. These include tacrine, donepezil,
rivastigmine, galantamine, which are cholinesterase inhibitors, and memantine which is Nmethyl-D-aspartate receptor antagonists. Still, these drugs can only delay or alleviate certain
symptoms and are not able to hinder the AD progression. The current limitations in the treatment
of AD are due to its inherent complexity and the limited knowledge of its pathology.

FIGURE 2-1: A normal aged brain (left) and an AD-affected brain (right). Significant atrophy is seen in the AD brain
when compared with a normal aged brain.

AD is a neurodegenerative disease that progressively impairs patients’ cognitive ability and leads
to memory loss. The main hallmarks of AD are the extracellular aggregation of Aβ peptides as
senile plaques, intracellular accumulation of microtubule-stabilizing tau protein as neurofibrillary
tangles (NFT), and cell apoptosis. The latter leads to brain atrophy as can be seen in FIGURE 2-1.
Based directly and indirectly on those hallmarks, numerous hypotheses for the cause of AD have
been proposed. All of them can be depicted as an overall picture including most AD-related
factors as shown in FIGURE 2-2 [42]. The cause of AD however remains unknown. There is
evidence that the molecular, genetic, or cellular imbalance, possibly are key factors for developing
the disease. All those imbalances can be observed in the affected patients, but the one that actually
initiates the disease pathology is still controversial. There are three most broadly accepted
hypotheses, i.e., the cholinergic, the tau, and the amyloid cascade. Here we focus on the latter
hypothesis which is the most attractive and mostly used in AD therapeutic strategies.
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FIGURE 2-2: The overall picture of AD. All possible causes of AD were classified into three groups (three ovals):
molecular imbalance, cellular imbalance, and genetic imbalance. Our work in this thesis was based on the molecular
imbalance, namely, the amyloid hypothesis and the influence of Cu2+ ion on Aβ pathway.

FIGURE 2-3: Amino acid sequence of Aβ peptide.

2.1.2 Amyloid cascade hypothesis
In 1991, the amyloid cascade hypothesis was proposed by Hardy and Allsop [43], which
suggested that the deposition of Aβ is the main cause of AD pathology and its consequences are
the formation of neurofibrillary tangles, neuronal death, and damage of vascular. This concept
was largely supported by experiments [5, 6], and targeting the Aβ pathway has been an attractive
research area.
Later, in view of the evidence that normal (without dementia) aged brains contain Aβ aggregates
and that reduction of Aβ deposit did not impact much the AD pathology, the hypothesis shifted
its ground towards focusing on smaller species, that is Aβ oligomers, which can penetrate the
synaptic cleft and, in this way, they are more neurotoxic and they are therefore the culprit of AD
[3, 44-47]. However, Aβ fibril plaques might still be a factor contributing to the injury of the
neuron as there are dystrophic neurites around them. Moreover, they appear to be related to a
fanciful behavior of synaptic locally and the failure of neuronal processes [48].
Main approaches, which have been pursued include: inhibiting β– [49, 50] and γ–secretase [51]
functions and promoting α–secretase activity [52]; Aβ immunotherapy; inhibiting Aβ
aggregation; and clearance of Aβ and others.
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2.1.3 Amyloid beta peptides: Production and aggregation
The amyloid precursor protein (APP) is a type 1 integral transmembrane protein present in many
tissues and in the neuronal synapse. There are free main versions of APP: APP695, APP751, and
APP770. The number after the APP prefix implies the number of amino acids (AA). APP was
shown to modulate the formation and function of synapse [53], play a role in the regulation of
neuronal activities [54], perform antimicrobial activity[55], and process ferroxidase activity [55].
However, its main function has been unknown until now. The production of Aβ is done by β– and
γ–secretase that cleave the APP as shown in FIGURE 2-4. β–secretase shedding at D1 (or D671
in APP sequential index) releases a large part of APP to the extracellular region. The second cut
done within the membrane by γ–secretase separates the remaining part of APP to Aβ peptide and
the APP intracellular domain (AICD). γ–secretase can cut the APP at different points, producing
different forms of Aβ, of which the most abundant ones are Aβ1−40 and Aβ1−42. Moreover, the
latter is believed to be more toxic due to its higher tendency to aggregate [56]. Aβ1−40 and Aβ1−42
have the same sequences except for the two excessive amino acids of Aβ1−42 at the C-terminus.

FIGURE 2-4: Creation of Aβ. (A) APP is first cleaved by β–secretase, releasing a big ectodomain to the outer space
of the cell. The remaining part of the APP is, then, cut again by γ–secretase within the membrane to form Aβ and free
the APP intracellular domain (AICD) to the interior of the cell. (B) β–secretase (BACE1) cuts APP at D1 and γ–
secretase cuts the remaining transmembrane part at different sites, producing different forms of Aβ peptide. Arrows
show the cleavage sites. Aβ peptide is in green color. The magenta notation is the residue index of APP. (C)
Unstructured Aβ accumulation forms oligomers, beta-pattern ordered forms, protofibrils, and eventually mature fibrils.

Aβ is an intrinsically disordered protein, whose structure cannot be resolved in water due to its
fast aggregation; only in the case of micellar solutions, has it been shown that Aβ is rich in helical
content [57, 58]. The peptides are, however, prone to aggregate to form soluble oligomers, more
ordered protofibrils, and eventually mature fibrils of different patterns (FIGURE 2-4). Aβ fibrils
are the main component of extracellular plaques in AD patients’ brains and several solid states
NMR- and electron-microscopy-resolved structures of them have been proposed. For instance,
N-terminal truncated structures of two-fold (with protein data bank id (PDB id): 2LMN and
2LMO [59]) and three-fold (PDB id: 2LMP and 2LMQ [60]) Aβ9−40 fibrils by Tycko et al. with
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the first eight amino acids dismissed are present in the literature. In the case of Aβ42, Thorsten
Lührs et al. [13] and Michael T. Colvin et al. [61] have proposed fibril structures of Aβ17−42 (PDB:
2BEG) and Aβ11−42 (PDB: 5KK3) without the first sixteen and ten amino acids of the N-terminus,
respectively. The idea that the N-terminal residues of Aβ fibrils are disordered is still under
debate. It has been suggested that the N-terminus of Aβ is not disordered and plays a role in the
aggregation process [62]. Some full-length Aβ fibrils have been resolved including 2M4J [63] for
Aβ40, and 2NAO [64], 2MXU [61], and 5OQV [65] for Aβ42.
Finally, due to the transient nature, the atomic structure of Aβ oligomers cannot be resolved
experimentally. In this situation, the MD simulation combined with advanced sampling methods
becomes a promising tool to solve this problem [66].
2.1.4 Aβ Inhibitors
Although most amyloid inhibitors failed at different stages of clinical trials, leading to skepticism
regarding the amyloid hypothesis, there are still three main directions for finding AD treatment
including (1) immunotherapy, (2) modulating Aβ formation by activating α–secretase and by
inhibiting β– and/or γ–secretases, and (3) targeting the formed Aβ aggregates. In addition, there
are some other strategies such as targeting the Aβ monomer, the Aβ–glycosaminoglycan, and the
Pyroglutamate Aβ. We list below a few highlights of Aβ-related drugs/compounds that are in
different stages of clinical trials (CT). The name of each drug candidate is in bold.
1. Active vaccine immunotherapy: ABvac40 [67] (phase 2 CT), AN-1792 [68] (phase 2 CT,
terminated), CAD106 [69] (phase 3 CT ), UB-311 [70] (phase 2); vanutidecridificar
[71] (phase 2, terminated).
2. Regulation of Aβ formation
a) Targeting α–secretase: Acitretin [72] (phase 2 CT); epigallocatechin gallate
[73] (phase 3).
b) Targeting β–secretase: atabecestat [74] (CT terminated); Umibecestat [75]
(phase 3); elenbecestat [76] (CT discontinued); lanabecestat [77] (CT
terminated); LY2886721 [78] (CT discontinued); thalidomide [79] (phase 2/3);
verubecestat [80] (CT discontinued).
c) Targeting γ–secretase: EVP-0962 [81] (phase 2); flurizan [82](CT
discontinued); NIC5-15 [83] (phase 2); semagacestat [51] (discontinued).
3. Aggregated Aβ: aducanumab [84] (phase 4); affitope AD02 [85] (phase 2); BAN2401
[86] (phase 3); bapineuzumab [87] (CT discontinued); crenezumab [88] (phase 2);
bexarotene [89] (phase 2); elayta [90] (phase 2); ELND005 (phase 2 completed without
benefit [91]; donanemab [92] (phase 2); ponezumab [93] (CT discontinued).
4. Targeting Aβ peptide: solanezumab [94] (phase 3). Solanezumab interacts with the core
hydrophobic region of Aβ peptide to interfere with their aggregation.
5. Aβ–glycosaminoglycan binding: alzhemed (CT discontinued). By mimicking
glycosaminoglycan’s interaction with Aβ, alzhemed prevents Aβ–glycosaminoglycan
interaction which promotes aggregation of Aβ and stabilizes plaques [95].
6. Pyroglutamate Aβ: PQ912 [96] (phase 2). PQ912 inhibits glutaminyl cyclase, which
creates the toxic complex pyroglutamate Aβ.
There are other compounds, which have had an impact on Aβ pathology but with unknown
mechanisms, such as, gammagard [97] (CT discontinued); gantenerumab [98] (phase 3);
gamunex [99] (phase 2/3); fledogamma [100] (phase 3, discontinued); and octagam [101]
(CT finished, inactive).

2.2 Interaction of fullerenes and their derivatives with Aβ

Pham Dinh Quoc Huy

Page 7

Interaction of fullerene derivatives and Cu2+ ions with amyloid-beta peptides and their fibrils
Chapter 2: Literature review
Despite the aforementioned efforts, an efficient AD treatment is not yet in sight [20, 102, 103]
and the design and testing of better inhibitors are still under intense investigation. To this end, a
promising approach is based on carbon-based nanomaterials, such as fullerenes, nanotubes, and
graphene. The main motivation for using these materials stems from their ability to interact with
peptides and proteins and influence their assembly behavior [104]. Although certain literature
argues that carbon-based nanomaterials be harmful to living organisms [105, 106], they have been
broadly used in many biological and medical applications. Moreover, recent studies have
indicated that fullerene C60 and its derivatives are not toxic [107-111], in this way rendering them
suitable candidates for AD therapeutics. Based on this evidence and the potential of these
materials in AD therapeutics, a deeper understanding of the nature of the interaction between
fullerenes and Aβ aggregates (e.g., oligomers and fibrils) is highly desirable.
Fullerenes possess a unique spherical structure with antioxidant, neuroprotective, cytoprotective,
and antitumor properties [112, 113]. In addition, they can be used as carriers of contrast agents,
as well as radiopharmaceuticals or drugs in the context of theragnostic [114]. Despite these
advantages, there are also drawbacks, such as the poor solubility of fullerenes in polar solvents.
The latter is particularly important as it might restrict their use as biomedical agents [115]. Hence,
a main focal point of research has been to increase fullerenes’ solubility in water by performing
specific structural modifications. For example, this includes the addition of various polar
functional groups (e.g., the attachment of hydroxyl groups), which led to the formation of watersoluble complexes known as fullerenols or fullerols [C60(OH)n]. It has been found that these
compounds can absorb oxygen radical species, thereby being able to attack lipids, proteins, DNA,
and other biological macromolecules. Most importantly, fullerenols can cross the blood-brain
barrier reaching the neurons. At the same time, they have excellent antioxidant properties and
they can also reduce apoptosis in cortical neuron cultures [116]. Fullerenol derivatives have been
even designated as potential inhibitors of HIV-1 protease [117] and as anti-cancer agents [118].
Therefore, several water-soluble fullerene derivatives have been investigated in the context of this
thesis, which have the ability to interfere with the aggregation process of the Aβ peptides.
Previous experimental research has focused on the study of Aβ–fullerene interaction with recent
work by Kim and Lee indicating that 1,2-(dimethoxyethane) fullerene derivatives can effectively
hinder the amyloid fibrillization of Aβ40 and its fragment Aβ11−25 peptides already at its early stage
[119]. This has generated further interest for these materials to act as pathway blockers or amyloid
destabilizers. As has been further shown by transmission electron microscopy (TEM), the
hydrated fullerene (C60:(H2O)n) is effective in suppressing the fibrillization of Aβ25−35 peptides
[120]. Moreover, Bobylev et al. have observed the anti-amyloid effect in vitro caused by the
interaction of different water-soluble C60 fullerene nitro derivatives [121],
C60Cl(C6H4CH2COONa)5, and polyvinyl pyrrolidone derivatives [121, 122] with Aβ42 peptides
and X-protein.
Although the above evidence indicates that these fullerenols can be useful in biomedical
applications, this will crucially depend on their biocompatibility. In fact, several in vitro studies
have determined the dose-responsive, time-, cell line- and hydroxylation-dependent effect of
fullerenols on cell viability. Johnson-Lyles et al. have shown that fullerenol at concentrations
lower than 6 mM was nontoxic for a porcine proximal tubule cell model - LLC-PK1 cells [123].
Su et al. have assessed the cytotoxic effect of fullerenol in the range of ten to hundreds of µg ml−1
on Chinese hamster lung and ovary cells, but they have not been able to find any effect on L929
mouse subcutaneous connective cells [124]. The effect of fullerenols with various degrees of
hydroxylation on human epidermal keratinocyte viability has been also discussed in the literature.
In particular, the fullerenol was nontoxic up to 8.5 µg ml−1 regardless of the hydroxylation degree.
At higher concentrations of fullerenol, toxicity has occurred for the majority of hydroxylated
fullerenols [125]. Moreover, Zha et al. have shown that fullerenol can increase the viability of
hippocampal neurons and protect them against oxidative risk, as well as promoting cell death,
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depending on the applied concentration [126]. Other fullerene derivatives, such as
(C60Cl(C6H4CH2C)Na), Na4[C60(OH)30] and the complexes of fullerenes with
polyvinylpyrrolidone have been also shown to hinder the aggregation of Aβ1−42 peptides [121,
127, 128]. In addition to the above experimental studies, there is further evidence by simulation
work based on docking and molecular dynamics (MD) simulations that C60 can disrupt the
binding of Aβ1−42 peptides at the turn region of the hook-like β-sheet of the fibrils [129].
Despite these very encouraging results, there are still many open questions that require further
consideration and could be addressed by in silico or in vitro methods, such as estimating the
binding free energy of fullerenes to the Aβ fibrils and the impact of fullerene size on the binding
affinity, also, given that the toxicity of the fullerenes might be size-dependent. The answers to
those questions are not a priori obvious. On the one hand, larger fullerenes might be able to
establish a larger number of contacts with the Aβ aggregates, which might lead to a stronger
interaction between fullerenes and Aβ peptides. On the other hand, fullerenes of smaller size
might be able to penetrate the fibrils better. That may be critical in dismantling those aggregates.
One of the main objectives of this thesis, therefore, is to investigate the interaction between Aβ
fibrils and various fullerenes of varying size, namely the C20, C36, C60, C70, and C84 fullerenes.
From the above cases, C60 has been discovered in 1985 and is the most well studied [130]. C70
and C84 are produced in nature and exist in soot, while the C20 fullerene is the smallest having
an unsaturated dodecahedral shape. Our approach mainly involves the combination of molecular
docking and all-atom MD simulation techniques. In the case of all-atom MD simulation, we have
chosen the Amber force-field 99SB and the TIP3P water model. In addition, the binding free
energy has been estimated by the docking and the molecular mechanics-Poisson-Boltzmann
surface area (MM-PBSA) method. Our methodology will be in detail explained later.

2.3 Copper ions in Alzheimer’s disease
In a normal brain, transition metal ions like Cu2+, Zn2+, Fe2+,3+, Mn2+, Ca2+, and Mg2+ are essential
for many biochemical processes. However, the imbalance of their levels is harmful and probably
associated with dementia such as Alzheimer’s disease (AD), Parkinson’s disease, and prion
disease [131-137]. Therefore, the role of metal ions, especially of Cu2+continues to attract the
curiosity of researchers.
Since Aβ peptides are IDPs, determining the structural model for their oligomers has always been
a challenge [138]. Still, experiments have provided crucial information on the side chains of the
peptides, which are involved in the interaction with metal ions. They include various techniques
such as electron paramagnetic resonance [139, 140], NMR [141-143], X-ray absorption
spectroscopy [144], Fourier transform infrared [145], and small-angle X-ray scattering [146]. In
the case of oligomers, experiments can provide the average structural features of peptides, such
as the gyration radius (dynamic light scattering [147]) and mobility (mass spectrometry [148] and
pI [149]), as well as the extent of secondary motifs (electron microscopy, atomic force
microscopy [150, 151], circular dichroism [152], and Förster resonance energy transfer [153]).
In AD, the imbalance of Cu2+ homeostasis has been observed in the affected areas, both
intracellularly and extracellularly. Copper can trigger the hyperphosphorylation of the tau protein
leading to the loss of its microtubule-stabilizing functions [154]. More importantly, copper
interacts with APP and Aβ forming binding domains in them. How copper influences the
pathogenesis of AD and especially Aβ aggregation has been the focus of many studies. A recent
study has shown that a Cu/Aβ ratio of 1:1 leads to an increase in the lag time of insoluble
aggregates, thus enhancing the lifespan of soluble oligomers [155]. In general, the binding of the
aforementioned metal ions to Aβ can catalyze oxidation reactions, such as the formation of
reactive oxygen species (ROS) in Fenton-like reactions, which results in oxidative stress and cell
damage [156-162].
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Below are some pieces of knowledge about Cu ions in AD:
•
•
•
•

•
•
•
•
•

At pH 6.8, Cu2+ enhances Aβ aggregation [163].
High copper levels promote amorphous aggregation, while low levels increase fibril
formation.
Copper prevents Aβ clearance by impairing the functioning of the systems responsible
for Aβ removal [164].
Cu2+ ion can interfere with the interaction between Aβ and cell membrane, inducing the
insertion of Aβ into the membrane and leading to an increase in the α-helix structure
[165].
Among Cu2+, Ca2+, Fe2+, and Fe3+, Cu2+ was shown to have the highest ability to enhance
Aβ aggregation [166].
Binding of Cu2+ to Aβ is followed by pre-oligomeric Aβ–Cu2+–Aβ formation, inhibiting
oligomer formation [167].
Oligomeric form of Cu2+–Aβ complex might catalyze the production of reactive oxygen
species [168-170].
Low-order oligomers both with and without Cu2+ are toxic to AD patients [171-174].
At neutral pH, Cu2+ was found to enhance the accumulation of Aβ as amorphous
aggregates [175]
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3 Methods
3.1 In silico experiments
3.1.1 Molecular docking
Molecular docking is a computational method that is used to find the binding modes between two
molecules, with the corresponding score or binding energy for each mode. In principle, the two
molecules can be of any size. However, a larger molecule is called a receptor, and a smaller
molecule is called a ligand. Knowing the binding position of the ligand to the receptor is essential
for further understanding the mechanism used by the ligand to lock or trigger the functions of the
receptor, which is crucial in drug design [176]. There are docking programs such as haddock
[177] for protein-protein docking and programs for ligand-receptor docking. In our studies, we
used the Autodock Vina [178] software to perform the docking of fullerenes and fullerenols to
the receptors, that is the Aβ peptide and its fibrils. Autodock Vina uses an empirical scoring
method in which the binding energy between the ligand and the receptor is decomposed into
several physically distinct functions [179]. A modified version of the CHARMM force field was
implemented to describe atomic interactions [180, 181]. The binding mode search was performed
over the whole exposed surface of the receptor with a high value of exhaustiveness ranging from
400 to 4000 depending on the systems in order to obtain reliable results. In the docking, the ligand
was flexible and the receptor was rigid, which is one of the main reasons for the inaccuracy of
this method.
3.1.2 Molecular dynamics (MD) simulation
All-atom MD simulation is the main method used in this thesis. For most of the thesis, the
simulations were performed conventionally, and only in the case of Aβ40–Cu2+ did we use replica
exchange MD simulation. All the simulations were done by different versions of amber packages
including Amber11 [182, 183], Amber12 [184], and Amber14 [185] with the use of amber force
field [186] in explicit water. The interaction energy in the amber force field is given as the
following equation:
2

𝑉 = ∑ 𝑘𝑖𝑗 (𝑟𝑖𝑗 − 𝑟𝑖𝑗0 )
𝑏𝑜𝑛𝑑𝑠

+

2

∑ 𝑘𝑖𝑗𝑘 (𝜃𝑖𝑗𝑘 − θ0𝑖𝑗𝑘 )
𝑎𝑛𝑔𝑙𝑒𝑠

+

∑
𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

𝑘𝑖𝑗𝑘𝑙
[1 + 𝑐𝑜𝑠(𝑛𝜙𝑖𝑗𝑘𝑙 − 𝛾)]
2

3-1

𝐴𝑖𝑗
𝐵𝑖𝑗
𝑞𝑖 𝑞𝑗
+ ∑ [ 12 − 6 ] + ∑
,
𝜖 𝑟𝑖𝑗
𝑟𝑖𝑗
𝑟𝑖𝑗
𝑖<𝑗

𝑖<𝑗

where kij, kijk, and kijkl are force constants, rij and r0ij are the distance between atom i and j and
equilibrium bond length between the two atoms, correspondingly. 𝜙𝑖𝑗𝑘𝑙 is the dihedral angle
formed by four atoms as shown in FIGURE 3-1 C and D. 𝛾 is the phase shift. Aij and Bij are
Lennard-Jones parameters, qi and qj are charges of the two atoms, and ϵ is the permittivity.
The water model used in all the simulations is TIP3P. Leap-frog [187] algorithm was used for
integrating equations of motion with time step ∆t=2 fs. The SHAKE algorithm [188] was used to
constrain the length of all bonds connected to hydrogen atoms. The temperature was controlled
through the Langevin thermostat [189] with a collision frequency of 2 ps−1. The vdW forces were
calculated with a cut-off of 1.4nm, and the particle mesh Ewald method [190] was employed to
treat the long-range electrostatic interactions. In simulations, the soluble structures were centered
in either cubic or octahedron boxes with periodic boundary conditions. The box size is systemdependent; however, it was set large enough to avoid interaction with the periodic images of the
box given the presence of the periodic boundary conditions. Counter ions were added to neutralize
each system in our simulations.
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FIGURE 3-1: Bonded (left) and non-bonded (right) interactions in the force field. As the names suggest, the bonded
terms are those interactions among atoms connected with covalent bonds, and the non-bonded those between two
atoms without covalent bond. A) bond stretching, B) angle interaction, C) torsional interaction (proper or dihedral
interaction), D) improper interaction, E) van der Waals interaction, and F) Coulomb interaction (or electrostatic
interaction).

3.1.3 Replica-exchange MD simulation (REMD)
REMD is a method to bring the system out of the local minimum by exchanging replicas at
different temperatures (there are other kinds of replica-exchange schemes, such as Hamiltonian
REMD and pH REMD; however, here I focus on the temperature REMD), which are not
interacting with one another [191], and, therefore, provide better sampling for the simulated
system. In practice, for each replica of the system, a separate MD simulation is run and after some
designated time (MD steps), all pairs of adjacent replicas are checked for exchange probability.
If the exchange is done for a pair of replicas, the simulations will continue with the new
temperatures for the latter pair of replicas.
Consider an N-particle system with Hamiltonian
𝐻(𝑞, 𝑝) = 𝐾 (𝑝 ) + 𝑉(𝑞),

3-2

with K(p) and V(q) being kinetic and potential energies and q and p being the coordinates and the
momenta, respectively.
𝜌(𝑥, 𝑇) = 𝑒 −𝛽𝐻

3-3

is the state density, wherein, β = 1/kBT.
Assume that we have M replicas (indexed by i) that correspond to M different temperatures
(indexed by m). Then, we have a general ensemble
𝑀
𝑖
).
𝑋 = (𝑥11 , … , 𝑥𝑚
, … , 𝑥𝑀

3-4

Here, the superscript and the subscript indicate, correspondingly, the replica and the temperature
numbers. Then, the probability of the general ensemble is
𝑀

3-5

𝜌𝑒𝑛 (𝑋) = exp {− ∑ 𝛽𝑚(𝑖) 𝐻(𝑞𝑖 , 𝑝𝑖 )}.
𝑖=1

Now consider the exchange between two replicas x i m and x j n. If the exchange is realized, then
the ensemble will change as
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𝑗
𝑖
𝑋 = (… , 𝑥𝑚
, … , 𝑥𝑛𝑗 , … ) → 𝑋 ′ = (… , 𝑥𝑚
, … , 𝑥𝑛𝑖 , … )

3-6

and the probability of exchange is (Metropolis rule)
𝑤(𝑋 → 𝑋′) = min [1, 𝑒

(𝛽𝑛 −𝛽𝑚 )(𝑉(𝑞 𝑖)−𝑉(𝑞 𝑗 ))

].

3-7

This is derived from the required balance condition
𝜌𝑒𝑛 (𝑋)𝑤(𝑋 → 𝑋 ′ ) = 𝜌𝑒𝑛 (𝑋 ′ )𝑤(𝑋 ′ → 𝑋).

3-8

3.1.4 MM-PBSA method
The molecular mechanics-Poisson Boltzmann surface area (MM-PBSA) method [192] is an
efficient method to calculate the binding free energy, ∆Gbind, between two molecules which are
usually a big molecule (receptor) and a small one (ligand). ∆Gbind is defined as follows
∆𝐺 𝑏𝑖𝑛𝑑 = ∆𝐸𝑒𝑙𝑒𝑐 + ∆𝐸𝑣𝑑𝑊 + ∆𝐺𝑆𝑈𝑅 + ∆𝐺𝑃𝐵 − 𝑇∆𝑆,

3-9

where ∆Eelec and ∆EvdW are the electrostatic and the van der Waals interactions, respectively.
∆GSUR and ∆GPB are the non-polar and the polar solvation free energies. The last term, T∆S, is the
entropic contribution.
In our work, we used the MMPBSA.py software included in Ambertools to estimate ∆Gbind for
the ensemble of snapshots selected from the MD simulations. ∆Eelec and ∆EvdW were calculated
using the same force-field parameters as those in the MD simulations. T∆S is estimated by using
the normal mode approximation method. The solvation energy was calculated by using the PBSA
software in the Ambertools package. The polar term, ∆GPB, was obtained by numerically solving
the linearized Poisson-Boltzmann equation and the non-polar one is defined by
∆𝐺𝑆𝑈𝑅 = 𝛼 × 𝑆𝐴𝑆𝐴 + 𝛽.

3-10

SASA is the solvent-accessible surface area, which was calculated by the linear combinations of
pairwise overlaps (LCPO) method [193]
3.1.5

Measurements used in the analysis

Contact
Contacts were analyzed to understand the binding mechanism of the ligand to the receptor, the
folding process of peptide and protein, and peptides aggregation.
Side-chain contact (SC) is the contact formed by a side-chain of an amino acid either with a sidechain of another amino acid or with the ligand molecule. The SC contact between an amino acid
and the ligand takes place when the distance between the centers of mass (COM) of the amino
acid side-chain and the closest atom of the ligand is smaller than 6.5Å. The SC contact between
two amino acids is formed when their side-chain COMs are not longer than 6.5Å apart from each
other.
Interchain contact (ICC), contact between two residues belonging to two different chains is
formed when the distance between their COMs is smaller than 6.5Å.
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Side-chain contact map is the analysis that shows the percentage of the total simulation time,
during which the residue stays in contact with the ligand.
Salt-bridge (SB) is the contact between two oppositely charged amino acids and is formed when
the distance between two specific atoms is less than 4.6Å (or 4Å in the case of copper-bound
peptide). The considered atoms in the negatively charged group are Cγ in Asp and Cδ in Gly, and
in the positively charged group, Nζ in Lys and Nη in Arg.
Fibril contact (FC) is the inter-chain contact formed by two residues that belong to two different
peptides in the initial fibril structure. The criterion of forming an FC is similar to that of SC. In
our work, we monitor the number of FC to understand how the fibril structure is maintained.
Hydrogen bond (HB) is the bonding interaction between an electronegative donor atom (D),
which has a covalent bond with a hydrogen atom (D − H), and another electronegative acceptor
atom (A). In our study, HB was formed when the angle D − H · · · A was larger than 135 degrees,
the distance from D to A was smaller than 3.5Å (3Å for the work on copper-bound Aβ), and the
distance H · · · A between hydrogen and acceptor was less than 2.7Å.
Secondary structure
The secondary structure of the peptide and fibril was calculated by using either the STRIDE
algorithm [194, 195] or the Ambertools CPPTRAJ program that makes use of the DSSP method
of Kabsch and Sander [196].
Free energy landscape
The free energy surface (FES) along the two-dimensional reaction coordinates V = (V1, V2) is
given by ∆G(V) = −kBT[lnP(V) − lnPmax], where P(V) is the probability distribution computed
using a histogram from MD data. Pmax is the maximum of the distribution, which is subtracted to
ascertain that ∆G = 0 for the lowest free-energy minimum.
Tools used in the data analysis
Pymol [197], grace [198], and gnuplot [199] were employed to plot figures of molecules and
diagrams.

3.2 In vitro experiments
3.2.1 Thioflavin T (ThT) assay
Thioflavin T (its structure is shown in FIGURE 3-2) is a fluorescent dye used mainly to study
protein aggregation, especially, the aggregation of amyloid [200] in vitro and in vivo. Under
binding to β-sheet structures such as that of Aβ fibrils, ThT increases the fluorescence emission
and makes a redshift in the spectrum. The more fluorescent detected the more amyloid fibril
structure there is.

FIGURE 3-2: Structure of thioflavin T.
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3.2.2 Atomic force microscopy (AFM)
AFM [201] is a technique used for imaging samples at the nanometer scale. The mechanism of
how it works is shown in FIGURE 3-3. A laser beam is shined on the cantilever and its reflection
is detected by a detector. The cantilever scans over the surface of the sample and it is bent when
moving, making changes to the reflected laser in direction and strength. The data of the reflected
laser are converted to make an AFM image of the sample. There are two kinds of AFM, contactAFM and non-contact AFM. Over scanning the tip of the contact-AFM touches the sample surface
while in the non-contact the tip does not touch it. The contact-AFM has the advantage of
producing better images, but the sharp tip is deformed quickly and the sample is also damaged
after the scan. The non-contact has the advantage of being able to scan several times and
maintaining the sample. Therefore, the latter reduces the cost of the experiment.
All of the in silico experiments in this thesis were done by me and the in vitro experiments were
done by our collaborators from Košice (Slovakia).

FIGURE 3-3: Structure of the AFM machine. The incoming laser is reflected on the cantilever and the reflected laser
is detected by the detector. The cantilever with a sharp tip moves on the surface of the sample and over the movement,
it is bent in accordance with the sample surface. The bending leads to the change in the direction and amount of
reflected laser.
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4 Influence of fullerene and its derivatives on Aβ
fibrils and Aβ aggregation
4.1 Introduction
Fullerene is one of the carbon-based nanomaterials, which can interact with peptides and proteins
modifying their self-assembly properties [104]. Since fullerene is insoluble in water, it cannot be
a drug candidate for AD, but it would be interesting to consider their derivatives, which are
soluble in water. However, as the first step in this direction, we studied the interaction of
fullerenes with Aβ aggregates [202]. We showed that their binding affinity to Aβ fibrils is sizesensitive, i.e., the greater the number of carbon atoms, the higher the binding affinity. Also, the
fullerene binding to Aβ9−40 fibrils is stronger than to Aβ17−42 fibrils, and a larger number of water
molecules are trapped inside the 5Aβ17−42 pentamer than inside 12Aβ9−40. Moreover, C60 exhibited
the greatest ability of destroying 5Aβ17−42, and the size of the fullerene appeared to be irrelevant
in the destruction of the 12Aβ9−40 fibril. We have been also able to observe that van der Waals
(vdW) rather than electrostatic interactions determine this behavior, because non-polar amino
acids of the peptides are the most active during their interaction with fullerenes [202]. Next, we
studied the interaction between the Aβ40 amyloid fibrils and fullerenol C60(OH)16, where the latter
is a water-soluble form of C60 fullerene carrying approximately 16 hydroxyl groups [203].
Thioflavin T fluorescent assay and atomic force microscopy, performed by our collaborators from
Slovakia, have indicated that fullerenol can hinder the aggregation of Aβ40 peptides in vitro. Our
in silico results obtained by means of the MM-PBSA method are in agreement with experimental
predictions suggesting that fullerenol tightly binds to monomeric Aβ40, which delays the
aggregation process. In the case of fullerenol binding, electrostatic interactions, especially polar
negatively charged amino acids seem to play an important role. To assess the toxicity of
fullerenol, we have found that its effect on neuroblastoma SH-SY5Y cells did not cause
significant changes in the viability after 24 hours of treatment [203], which implied that
C60(OH)16 has great potential for future treatment of AD.

4.2 Interaction of fullerenes with Aβ fibrils
To understand the effect of fullerenes on Aβ fibrils, we studied the structural changes of two 3D
NMR-derived structures, 5Aβ17−42 (PDB: 2BEG) and 12Aβ9−40 (PDB: 2LMN), when interacting
with 5 fullerenes of different sizes, including C20, C36, C60, C70, and C84. We used docking
and molecular dynamics simulations. Among these fullerenes, C20 is the smallest possible size
and C60 is the most abundant structure found in nature.
Table 4-1:Binding energy (kcal/mol) between fullerenes and Aβ fibrils. Results were obtained by using docking and
MM/PBSA methods. Docking results are, shown for the best docking mode with the lowest energy. The binding
affinities obtained by both methods, which have different scoring functions, show that the bigger fullerene binds more
strongly to fibrils, regardless of its location in the Aβ fibril.

fullerene
C20
C36
C60
C70
C84

ΔEbind (docking)
5Aβ17-42 12Aβ9-40

-5.5
-7.1
-7.7
-8.2
-8.8
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-8.2
-10.4
-13.1
-14.7
-16.1

ΔGbind (MM/PBSA)
ΔEvdW
-27.07
-40.77
-61.73
-63.53
-65.16

5Aβ17-42
ΔEele
-0.71
-0.48
0.01
-0.02
-3.05

ΔGbind
-6.99
-17.17
-29.91
-34.16
-40.21

ΔEvdW
-30.12
-33.14
-49.74
-83.19
-93.42

12Aβ9-40
ΔEele
-0.35
-0.47
-0.04
-0.10
-2.59

ΔGbind
-8.57
-11.05
-16.98
-40.54
-53.57
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We started with probing the energetically favorable positions of fullerenes in the two targets using
the docking method implemented in the autodock vina software. The results obtained in the best
docking mode, which is the mode with the lowest binding energy, were used to analyze the
binding affinity. The conformations of this mode were used as the initial structures for molecular
dynamics simulations.
In docking simulations, different binding sites were observed in fibrils depending on the fullerene
size, and the binding strength increased with the size of fullerenes, regardless of where they bind
(see Table 4-1).

FIGURE 4-1: In silico experiment scheme. The ligand was docked to the receptor and the resulting configuration with
the lowest binding energy was used to start MD simulations to obtain trajectories from which ensembles of snapshots
were selected for analysis and calculation of the binding free energy by MM/PBSA method. The ligands in our study
are fullerenes of different sizes and fullerenol which is C60 fullerene (60 carbon atoms) with 16 hydroxyl groups
attached to its surface. We considered three receptors including Aβ monomer and two kinds of Aβ fibril, single-layer
and two-fold. When working with fullerenes, the target was two fibrils and for fullerenol different models of Aβ peptide
were the targets.

MD simulations were long enough to get the number of collected snapshots in quasi-equilibrium,
which is sufficient for a reliable estimation of the binding free energy using MM/PBSA method.
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Table 4-1 shows MM/PBSA-derived binding free energy for all systems. In general, fullerenes
bind strongly both fibrils. Van der Waals interactions mainly contribute to binding, while
electrostatic ones contribute little. The reason for this is that fullerenes are highly hydrophobic
and that their structures are symmetric, making all the carbon atoms of fullerenes weakly charged.
In the case of C60, because of its high symmetry, the electrostatic contribution is even negligible
(0.01 and -0.04 kcal/mol for 5Aβ17−42 and 12Aβ9−40 respectively). In agreement with the docking
method, the MM/PBSA results also show that the binding is strongly dependent on the size of the
fullerenes in such a way that larger the fullerene bind more strongly. Correlation coefficients (R)
between binding affinity and fullerene size are -0.970, -0.999, -0.997 and -0.909 for 5Aβ17-42
(docking), 12Aβ9-40 (docking), 5Aβ17-42 (MM/PBSA), and 12Aβ9-40 (MM/PBSA), respectively.
Our simulations showed that, in quasi-equilibrium, fullerenes prefer interaction with non-polar
amino acids of Aβ fibrils to the polar ones. This observation qualitatively agrees with the
experimental results of Kim et al. [119] who showed that the C60 fullerene prefers to bind to the
K16LVFF20 region.
More details on the structural changes of Aβ fibrils upon binding of fullerenes were obtained by
monitoring the behavior of the D23-K28 (or Asp23-Lys28) intrachain salt-bridge, fibril contacts,
and water permeability of fibrils. The presence of fullerenes was shown to affect the stability of
fibrils by destabilizing the Asp23-Lys28 salt-bridge. A more pronounced effect was observed in
the case of 5Aβ17-42. Only C60 was clearly found to influence the number of fibril contacts of
5Aβ17-42, reducing up to 45% contacts in quasi-equilibrium, while in other systems the effect was
not obvious. Besides, C60 facilitated the penetration of water to the interiors of 5Aβ17-42, while in
the two-layer 12Aβ9-40 case more water molecules are present in the layer bound with C60. The
water penetration to the inter-layer area of 12Aβ9-40 was also found to increase with fullerene size,
implying that the large fullerene has a greater ability to separate the two layers before the
separated layers are destabilized.

FIGURE 4-2: C60 fullerene makes a strong impact on the stability of 5Aβ17−42 after 85 ns of simulation time.

In general, upon binding, fullerenes are able to destabilize the Aβ fibril structure and this effect
is more pronounced for C60 compared to other fullerenes. FIGURE 4-2 shows the destabilization
of 5Aβ17-42 under influence of C60.

4.3 Influence of fullerenol on Aβ aggregation
Because fullerenes can destabilize the 5Aβ17−42 fibril, in the next work [203], the solubility of C60
was improved by adding 16 hydroxyl groups and the influence of improved C60 or fullerenol
(C60(OH)16) on Aβ40 aggregation was studied using both in silico and in vitro experiments. The
latter was performed by our collaborators in Slovakia and Romania.
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The energy of fullerenol is dependent on the distribution of 16 hydroxyl groups on the C60
surface. Seven representative fullerenol isomers, L1, L2, L3, L4, L5, L6, and L7 (see Fig. 1 in
paper 4.4.2), were selected as ligands for this work and the stability is decreasing gradually from
the most stable (L1) to the least stable (L7) ones as predicted by our energy calculations. Five
different models of Aβ40 from our work [204] were used as targets.
As in our previous work on fullerenes [202], we used Autodock Vina to dock the ligands to targets
and used the best docking conformations to start explicit water all-atom molecular dynamics
simulations. Then snapshots collected in quasi-equilibrium were used to calculate the binding free
energy by the MM/PBSA method.
Fig. 5 in paper 4.4.2 shows the positions (best docking modes) of the seven ligands in the five
Aβ40 models. In three of the five models, the ligands bind to different positions. The binding
energy obtained by the docking method (not shown) within the error bar does not clearly show
the difference in the interaction with Aβ40 among the seven ligands. Therefore, only the most (L1)
and least (L7) stable ligands were further investigated by MD simulations. For each ligand and
Aβ40 system, two trajectories were carried out. Based on both root mean square deviation from the
initial configuration and the interaction energy (the sum of van der Waals and electrostatic
interaction), the quasi-equilibrium phase, from which the snapshots were collected for MM/PBSA
calculations, was carefully chosen.
For both ligands, L1 and L7, MM/PBSA results show system-dependent binding free energy;
however, in general, the high and comparable binding strengths were predicted: -18.3 kcal/mol
for L1 and -19.2 kcal/mol for L7. As with docking, MM/PBSA results also suggest that the
distribution of hydroxyl groups has no obvious difference in the binding affinity. Due to the
presence of hydroxyl groups, the binding mechanism in the case of fullerenol differs from that of
fullerene. While the electrostatic interaction in the case of fullerene is almost negligible, it
contributes the most to the binding of fullerenol. However, the largest contribution to the
electrostatic interaction with Aβ42 is made not by OH groups, but by the carbon atoms of the
fullerene core.
To get more insight into the binding mechanism, the population of contacts between fullerenol
and Aβ40 amino acids and the residual contribution of electrostatic and van der Waals interactions
to the binding were analyzed in detail. In all systems, the tendency of fullerenol to bind to
negatively charged amino acids was observed.
In the case of L1 (see Fig. 7 in paper 4.4.2), in three of five models including models 2, 4, and 5,
the ligand tends to bind the C-terminus, especially, in model 4, L1 was stick to the residues Val36,
Gly37, Gly38, and Val40, yielding the strongest binding affinity of -27.0 kcal/mol. In the
remaining models 1 and 3, the ligand is inclined to bind the middle region of Aβ40 which contains
the Asp23-Lys28 salt-bridge. More than fifty percent of the time in equilibrium, L1 formed
contacts with both Asp23 and Lys28 in model 3 while it made stable (100%) contacts with both
residues of the salt-bridge in model 1. The propensity to interact with Asp23-Lys28 salt-bridge
and the C-terminus of Aβ40 can also be seen in the L1 contact map (bottom right panel of Fig. 7
in paper 4.4.2); Asp23 has the highest probability to stay in contact with L1 and four of the last
five residues of Aβ40 have more than fifty percent of the time in equilibrium phase remaining in
contacts with the ligand. The distance between the centers of mass of Asp23s and Lys28s sidechains was found to increase from 0.83 nm (the average value of the five original models) to 1.02
nm under the influence of L1.
While in models 4 and 5, L1 showed weak interaction with the central hydrophobic region
(L17VFFA21), in the remaining three models it very often interacted with residues of this region,
suggesting the ability to slow down the Aβ40 aggregation, given the importance of this region for
the onset of peptide fibrillization.
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For the case of L7, it was observed that in the last three models (3, 4, and 5) the ligand preferred
to interact with the C-terminus (see Fig. S8 in Electronic Supplementary Information (ESI) which
is available at http://www.rsc.org/suppdata/c6/cp/c6cp00901h/c6cp00901h1.pdf), leading to
more than 50% of the time being in contact with residues Gly37, Gly38, and Val39, and that in
the first three models 1, 2, and 3 it interacted very often with the Asp23-Lys28 salt-bridge. L7
behaved similarly toward the salt-bridge, spending 100% of time in equilibrium in contact with
Asp23 and 50% with Lys28 in models 1 and 3. In models 4 and 5, L7 was stick to the C-terminus
of Aβ40 while it did not prefer interacting with the salt-bridge; no contact was recorded for model
5 and a low population for model 4. This observation together with the finding that L7 weakly
bound these two models, while it bound much more strongly the first three models which favor
contact with the Asp23-Lys28 salt-bridge, implied the importance of the salt-bridge for binding
between L7 and Aβ40. It is worth mentioning that upon binding, L7 increased the length of the
salt-bridge Asp23-Lys28 from 0.83 nm to 0.97 nm, and that in model 3, where L7 bound both the
C-terminus and the salt-bridge, the affinity is strongest.
As shown in the contact map plot in the bottom right panel of Fig. S8 in ESI, L7 did not tend to
bind the central hydrophobic region; only in model 5, does it bind tightly Phe19 and Phe20
residues.
Given the importance of the Asp23-Lys28 salt-bridge, the C-terminus, and the central
hydrophobic region of Aβ40 for its aggregation, our simulations predicted the ability of fullerenol
to interfere with the Aβ40 aggregation through strong binding to the peptide, interacting with those
important parts.
Our finding is consistent with the in vitro experimental results of our collaborators, which showed
that fullerenol effectively reduced/inhibited the formation of Aβ40 aggregate, and the inhibitory
effect is increased with increasing fullerenol concentration and the IC50 value is 31.9 µg ml-1.
Based on our in vitro and in silico results on the effect of fullerenol on the Aβ40 fibrillization, and
confirmation of its non-toxic properties up to the half-maximal inhibitory concentration (by our
collaborator from Romania), Fullerenol C60(OH)16 has been proposed as a good candidate for AD
treatment.

4.4 Related papers for chapter 4
•

Binding of fullerenes to amyloid beta fibrils: size matters
Pham Dinh Quoc Huy and Mai Suan Li
Physical Chemistry Chemical Physics 16, 20030–20040 (2014).

•

Fullerenol C60(OH)16 prevents amyloid fibrillization of Aβ40 – in vitro and in silico
approach
Zuzana Bednarikova, Pham Dinh Quoc Huy, Maria-Magdalena Mocanu, Diana
Fedunova, Mai Suan Li and Zuzana Gazova
Physical Chemistry Chemical Physics 18, 18855–1886 (2016).
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4.4.1

Publication I: Binding of fullerenes to amyloid beta fibrils: size matters

Pham Dinh Quoc Huy and Mai Suan Li
Physical Chemistry Chemical Physics 16, 20030–20040 (2014).

Abstract
Binding affinity of fullerenes C20, C36, C60, C70 and C84 for amyloid beta fibrils is studied by
docking and all-atom molecular dynamics simulations with the Amber 99SB force field and water
model TIP3P. Using the molecular mechanic-Poisson Boltzmann surface area method one can
demonstrate that the binding free energy linearly decreases with the number of carbon atoms of
fullerene, i.e., the larger is the fullerene size, the higher is the binding affinity. Overall, fullerenes
bind to Aβ9−40 fibrils stronger than to Aβ17−42. The number of water molecules trapped in the
interior of 12Aβ9−40 fibrils was found to be lower than inside pentamer 5Aβ17−42. C60 destroys
Aβ17−42 fibril structure to a greater extent compared to other fullerenes. Our study revealed that
the van der Waals interaction dominates over the electrostatic interaction and non-polar residues
of amyloid beta peptides play the significant role in interaction with fullerenes providing novel
insight into the development of drug candidates against Alzheimer’s disease.
DOI:10.1039/C4CP02348J
The original publication is available at
https://pubs.rsc.org/en/content/articlelanding/2014/CP/C4CP02348J#!divAbstract
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4.4.2

Publication II: Fullerenol C60(OH)16 prevents amyloid fibrillization of Aβ40 – in
vitro and in silico approach

Zuzana Bednarikova*, Pham Dinh Quoc Huy*, Maria-Magdalena Mocanu, Diana Fedunova,
Mai Suan Li and Zuzana Gazova
Physical Chemistry Chemical Physics 18, 18855–1886 (2016).

Abstract
The generation of Aβ amyloid aggregates in the form of senile plaques in the brain is one of the
pathological hallmarks of Alzheimer’s disease (AD). There is no cure for AD and one of the
recent treatment strategies is focused on the inhibition of amyloid fibrillization of Aβ peptide.
Fullerene C60 has been proposed as a candidate for destroying Aβ aggregates but it is not soluble
in water and its toxicity to cells remains largely ambiguous. To overcome these drawbacks, we
synthesized and studied the effect of water-soluble Fullerenol C60(OH)16 (fullerene C60 carrying
16 hydroxyl groups) on the amyloid fibrillization of Aβ40 peptide in vitro. Using a Thioflavin T
fluorescent assay and atomic force microscopy it was found that C60(OH)16 effectively reduces
the formation of amyloid fibrils. The IC50 value is in the low range (µg ml−1) suggesting that
fullerenol interferes with Aβ40 aggregation at stoichiometric concentrations. The in silico
calculations supported the experimental data. It was revealed that fullerenol tightly binds to
monomer Aβ40 and polar, negatively charged amino acids play a key role. Electrostatic
interactions dominantly contribute to the binding propensity via interaction of the oxygen atoms
from the COO− groups of side chains of polar, negatively charged amino acids with the OH groups
of fullerenol. This stabilizes contact with either the D23 or K28 of the salt bridge. Due to the lack
of a well-defined binding pocket fullerenol is also inclined to locate near the central hydrophobic
region of Aβ40 and can bind to the hydrophobic C-terminal of the peptide. Upon fullerenol binding
the salt bridge becomes flexible, inhibiting Aβ aggregation. In order to assess the toxicity of
fullerenol, we found that exposure of neuroblastoma SH-SY5Y cells to fullerenol caused no
significant changes in viability after 24 h of treatment. These results suggest that Fullerenol
C60(OH)16 represents a promising candidate as a therapeutic for Alzheimer’s disease.

* These authors contributed equally.

DOI: 10.1039/C6CP00901H
The original publication is available at:
https://pubs.rsc.org/en/content/articlelanding/2016/CP/C6CP00901H#!divAbstract
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5 Effect of copper ions on Aβ monomers and
dimerization
5.1 Introduction
It has been observed that fibrils and plaques extracted from the brain of an AD patient contain a
high concentration of transition metal ions, such as zinc, copper, and iron, due to neuronal
excitation [132, 133, 156, 205-207]. In vitro experiments have highlighted the important role of
copper (Cu) in Aβ aggregation, in particular, at the early stages of this process. It was found that
the coordination of Cu2+ with Aβ occurs at amino acids 1–16, which are known as the N-terminus.
Although the Cu-binding is dynamic, as Cu2+ can jump from one local minimum to another at a
time scale of ms, the major ligand atoms are N and O of Asp1 and Nδ or Nϵ belonging to two
histidine side chains, namely, one from His6 and one from either His13 or His14 [139, 140]. This
coordination mode is predominant at neutral pH and relevant for aggregation of Aβ peptides and
AD. The addition of Cu to Aβ at a ratio of 1:1 delays the decrease of monomer concentration in
the sample as compared to pure Aβ [155]. Cu binding to Aβ enhances the formation of amorphous
aggregates regardless of the Cu:Aβ ratio, while Aβ42 rapidly forms stable fibrils without Cu [150,
155]. Therefore, understanding the role of metal ions, especially Cu in Aβ aggregation is crucial
in developing AD therapy.
Quantum mechanical methods, which are accurately described bond formation and breaking, are
not suitable for studying the aggregation of Aβ peptides in the presence of metal ions, because
they require excessive computational resources. Hence, classical MD simulations based on
reasonable empirical force-fields seem to be a legitimate choice for capturing metal–protein
interactions. While previous studies with MD simulation have considered the Aβ self-assembly
without metal ions [208], recent studies have investigated the impact of Zn2+ on Aβ monomers
[209], oligomers [210], and fibrils [211]. In particular, Miller et al. have shown that Zn ions
promote the Aβ aggregation via a population shift of polymorphic states.
The polymorphic states of the Cu2+–Aβ1−16 complexes were characterized by computer simulation
[212]. In the case of the full-length Aβ42 monomer bound to Cu2+, the associated conformational
changes of the peptide were also investigated in detail [213, 214]. However, in the latter case,
Kozmon and Tvaroska [214] adopted the nonbonded model that does not enable the description
of the high-binding affinity of Cu2+, which were observed for the most abundant species at neutral
pH [139, 140]. Three different coordinations of Aβ42–Cu2+ complexes used in the simulations
were obtained based on the harmonic approximation [213]. These coordinations [215] were not
supported by recent experimental [38, 139, 140] and theoretical [216, 217] studies. Furthermore,
a recent study based on classical MD simulations and solid-state NMR has shown that Cu2+ does
not significantly distort the structure of Aβ40 fibrils when the binding takes place at sites other
than those known for the monomer [143].
Previously, Xu et al. [212] developed a set of force field (FF) parameters, but they are only
suitable for the conformer [His6, His13, His14]. Besides, a tetrahedral geometry has been
considered in this case instead of a distorted planar geometry, which is more relevant. Meanwhile,
A number of different FFs have been obtained by Parthasarathy et al. [143]. However, the
parameters of these FFs are not suitable in our case, since they are based on the dummy atom
model, which allows ions to escape from the binding site at relatively short time scales.
To model the Cu2+–Aβ interaction we assumed [161] that Cu2+ binds to the most favorable
coordination at neutral pH [139, 140]. Hence, our studies focus on the copper coordination, which
involves Asp1, His6, and either His13 or His14, while other coordinations had a negligible
population at neutral pH. The determination of the FF parameters for the Cu2+–Aβ complex in the
Pham Dinh Quoc Huy

Page 55

Interaction of fullerene derivatives and Cu2+ ions with amyloid-beta peptides and their fibrils
Chapter 5: Effect of copper ions on Aβ monomers and dimerization
bonded model was performed by using the modified Seminario method [218] and the comparison
with the well-known Amber FF [219, 220] was also taken into consideration.
Our FF, developed for the Cu2+–Aβ interactions was implemented in the Amber MD package and
was employed to study Aβ42–Cu2+ monomers and dimers with Cu2+:Aβ stoichiometric ratios of
1:1 and 1:2 [161] as well as Aβ40–Cu2+ monomers [221]. This step is important before proceeding
to investigate oligomers since the description of structural changes at the monomer level with and
without Cu ions allows one to access changes in the configurational landscape induced by the
dominant binding mode of the metal ion. Indeed, the observed changes for the monomer enable
us [221] to study such phenomena as peptide polymorphism [211, 212, 222].
In more detail, we have shown that the β-content of the monomer is substantially reduced by Cu2+.
Given that β-rich monomers can potentially act as precursors for fibril formation [9], this result
is consistent with the experimental predictions [150, 155], which suggest that ions favor the
formation of amorphous aggregates instead of amyloid fibril structures. Another mechanism
unveiled by MD simulation in the case of amorphous assembly involves the Asp23– Lys28 saltbridge, which plays a crucial role in stabilizing the β-sheet formation. In this case, it was found
that Cu2+–binding introduces higher flexibility in the structure of the fibrils. This evidence from
MD simulation further indicates that Cu2+ modulates the dimerization process of Aβ42 peptides
and promotes amorphous aggregates in agreement with experiments. The mechanism for the
interactions between monomers in the case of dimers depends on the extent of Cu-loading.
Moreover, the aggregation process becomes slower due to the presence of Cu ions in the case of
Cu2+/Aβ with ratio of 1:1. This result agrees with the fact that the Cu binding reduces the
hydrophobicity of Aβ42 by increasing SASA (solvent accessible surface area) [161].
We have conducted studies on Aβ40 with and without a single copper ion in the 2+ oxidation state
(Cu2+) bound to Aβ [221] by using the replica-exchange MD (REMD) simulation method [191].
A detailed analysis showed that copper ions reduce the probability of the formation of ordered
fibrillar structures. In other words, this effect promotes the existence of potentially toxic soluble
oligomers suggesting that divalent ions cause toxic effects. However, recently we have shown
[223] that divalent ions can also play a protective role by binding to Aβ by reducing the membrane
damage. Namely, Cu2+ bound to Aβ42 disturbs a membrane to a much less extent than free Cu2+.
In addition, we showed that Zn2+ can promote Aβ aggregation more strongly compared to Cu2+
[224]. More detailed information on the effect of metal ions on the behavior of Aβ systems is
available in the recent review [39].

5.2

Models with and without copper ions
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The influence of copper ion, Cu2+, on Aβ42 monomer (FIGURE 5-1A) and dimer (FIGURE 5-1E)
was studied by mean of molecular dynamic simulations. In our work, as mentioned above, copper
ion binds to the three residues of the N-terminus of Aβ peptide Asp1, His6, and either His13 or
His14 (our choice was His13). As shown in FIGURE 5-1C, Cu2+ interacts with atoms O and N of
Asp1, Nδ of His6, and Nϵ of His13 keeping them in close contacts of around 2 Å. Copper ion and
these four atoms approximately lie on one plane. These contacts were treated as bonds.

FIGURE 5-1: Amyloid beta monomer and dimer with and without copper ion Cu2+. (A) Full primary structure of Aβ42.
Non-polar residues are in gray. Green, blue, and red are basic polar, polar, and acidic polar residues, respectively.
The dashed line depicts the Asp23-Lys28 salt-bridge. (B) Aβ42 monomer with single Cu2+ binding to Asp1, His6, and
His13 of its N-terminus. (C) Copper binds to O and N atoms of Asp1, Nδ of His6, and Nϵ of His13. (D) Dimer with
Aβ:Cu2+ ratio 2:1 in which copper ion binds one peptide and the other is copper-free. This configuration is denoted as
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Aβ42– Cu2++Aβ42. (E) Copper-free dimer of Aβ. This structure together with the copper-free monomer (A) were
simulated for comparison with the copper-bound cases. (F) Dimer with Aβ:Cu2+ ratio 2:1, where the two peptides are
joined by a single copper ion (II) in such a way that copper coordinates to Aps1 and His6 of one peptide and to His13
of the other peptide. This configuration is denoted as Aβ42– Cu2+–Aβ42 (G) Dimer with Aβ:Cu2+ ratio 1:1 which consists
of two copper-bound peptides. This conformation is referred to as 2 Aβ42– Cu2+. For the Aβ40 monomers, the
coordinates of the copper ion are the same, but the last two residues are dismissed.

For monomers, we studied two systems, copper-bound and copper-free Aβ42 (FIGURE 5-1 B and
A, respectively. For dimers four systems were considered: copper-free dimer ((Aβ42)2) (FIGURE
5-1E), one copper ion binds to one peptide (Aβ42–Cu2+ + Aβ42) (FIGURE 5-1D), each of the two
copper ions binds each peptide separately ((Aβ42–Cu2+)2) (FIGURE 5-1G), and two peptides are
linked by copper ion (II) as shown in FIGURE 5-1F (Aβ42–Cu2+–Aβ42).

5.3 Molecular dynamics simulations
For each of the monomeric systems Aβ42–Cu2+ and Aβ42, one trajectory of 1 μs of conventional
MD simulations was run. For the dimer Aβ42–Cu2+–Aβ42, 6 trajectories of 1 μs each were
performed, five of which were started from the same configuration which was partly folded but
with different seed numbers, and one trajectory was started with a completely unfolded
configuration. In addition to the 6 trajectories which were started as in the case of Aβ42–Cu2+–
Aβ42, another trajectory was launched for each of the remaining dimers, starting with a fibril-like
configuration.

FIGURE 5-2: Free-energy for Aβ42 (left) and Aβ42–Cu2+ (right) at temperature 310 K as a function of distance end to
end of peptide (dee) and root mean square deviation from chain A of the fibril structure of which PDB code is 5OQV
[65]. Snapshots used for the plots are taken from quasi-equilibrium (after 490ns for both cases). The presence of copper
makes the peptide more disordered.

For the data analysis, we used snapshots collected after the quasi-equilibrium time (defined as the
time after which the root mean square deviation does not deviate much from its average value).
The final analyzed values for each system was weighted by
V=

∑𝑖〈𝑉𝑖 〉𝑛𝑖
∑𝑖 𝑛𝑖

5-1

where i stands for the MD trajectory, Vi is the average analyzed value for trajectory i, and ni is the
number of snapshots in quasi-equilibrium of trajectory i.
5.3.1 Results for Aβ42 Monomers [161]
The presence of a copper ion makes Aβ42 more disordered. As can be seen in FIGURE 5-2, with
copper ion, the free energy landscape is more extended and has more local minima than in the
case of Aβ42 without Cu2+. As a consequence, Aβ42–Cu2+ has a slightly larger gyration radius (Rg)
(1.08 Å compared to 1.02 Å of Aβ42) and a larger solvent accessible surface area (36.0 compared
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to 31.6 nm2). The latter suggests that the hydrophobicity might be changed. Indeed, our
calculation of the solvation energy showed that the hydrophobicity is reduced upon copper
binding. Moreover, the number of intra-chains salt-bridges increased, hindering the formation of
inter-chain contacts. With these findings, we anticipated that copper delays the Aβ aggregation
due to reduced hydrophobicity. This theoretical finding is consistent with the experiment of Jeppe
T. Pedersen et al. [155] who observed a clear delay of aggregation when the ratio of Aβ to Cu2+
is 1:1.
We also observed that copper significantly reduces the secondary structure, especially the β–
content from 10.0% to 0.6%. Besides, in the presence of copper, the salt-bridge Asp23–Lys28
was less probable and more flexible. The observations led us to the suggestion that copper
promotes Aβ amorphous aggregation.
1.1.1 Results for Aβ42 dimers [161]
The gyration radius of Aβ42 dimer does not change much due to the interaction with copper (see
Appendix Table 1 in the Appendix). During dimerization, the β–content slightly increased and
the copper binding decreases both the β–content and helix. The former is observed clearly in the
copper-bridged dimer, while the latter in the dimer with the ratio Aβ:Cu2+ of 1:1. In addition, the
coil content increased significantly. These findings for dimers are in line with data for monomers,
which implies that copper supports amorphous aggregation of Aβ.
Copper binding to Aβ42 dimer was also found to slow down the Aβ aggregation. This is supported
by our data on salt-bridge contact maps which showed the reduction of the total, inter-chain, and
frequent salt-bridges (Appendix Figure 1 in Appendix). This reduction is most profound in the
case of (Aβ42)2, where copper ions reduce the total number of salt-bridges from 36 to 28, interchain salt-bridges from 17 to 10 and highly populated from 13 to 6.

5.4 Interaction of Aβ40 with copper ions: replica exchange MD
simulation results [221]
For a more comprehensive understanding of the impact of Cu2+ on Aβ dynamics and structure,
we simulated the copper-bound and copper-free Aβ40 monomers by mean of replica-exchange
MD simulations which is computationally much more expensive but provides much better
sampling than the conventional one.
In this work, the similar models for monomers with and without copper ion as in the case of Aβ42
(see FIGURE 5-1) with the last two residues stripped were used to perform the simulations.
The results obtained for Aβ40 confirmed the results of our previous work on Aβ42 [161], showing
that the copper binding to the prevailing location in the N-terminus of Aβ (FIGURE 5-1C) (1)
makes the peptide more structurally diverse and increases the probability to form highly hydrated
structures or increases the reactivity of the peptide and (2) slows down the self-aggregation. The
latter effect was found due to the increase of the number of intramolecular hydrogen bonds
associated with N–H donors of the back-bone.
Recently the concept of the fibril-prone structure N* has been introduced [225]. N* is a monomer
in the fibrillar state. Using the lattice models [226] it was shown that the higher population of N*
in the monomeric state, the faster the fibril formation [225]. This observation was also confirmed
by subsequent off-lattice coarse-grained [227] and all-atom simulations [228]. In this thesis [221],
we studied the effect of Cu2+ on the population of N*, which was extracted from various fibril
structures deposited in the PDB for both Aβ40 and Aβ42. We showed that in the presence of copper
the population of N* decreases, which indicates that Cu2+ either promotes amorphous aggregation
at its high concentrations or slows down the fibril formation at low concentrations. Overall, our

Pham Dinh Quoc Huy

Page 59

Interaction of fullerene derivatives and Cu2+ ions with amyloid-beta peptides and their fibrils
Chapter 5: Effect of copper ions on Aβ monomers and dimerization
results are in agreement with experiments and the final conclusion from our finding is that copper
binding increases the toxicity of Aβ.

5.5 Related papers for Chapter 5
•

•

Impact of Cu2+ Binding on Structures and Dynamics of Aβ42 Monomer and Dimer:
Molecular Dynamics Study
Pham Dinh Quoc Huy, Quan Van Vuong, Giovanni La Penna, Peter Faller, and Mai
Suan Li
ACS chemical neuroscience, 7, 1348–1363, (2016).
Copper Binding Induces Polymorphism in Amyloid–β Peptide: Results of
Computational Models
Dinh Quoc Huy Pham, Mai Suan Li, and Giovanni La Penna
The Journal of Physical Chemistry B, 122, 7243–7252, (2018)
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5.5.1

Publication III: Impact of Cu2+ Binding on Structures and Dynamics of Aβ42
Monomer and Dimer: Molecular Dynamics Study

Pham Dinh Quoc Huy, Quan Van Vuong, Giovanni La Penna, Peter Faller, and Mai Suan Li
ACS chemical neuroscience, 7, 1348–1363, (2016).
Abstract
The classical force field, which is compatible with the Amber force field 99SB, has been obtained
for the interaction of Cu2+ with monomer and dimers of amyloidβ peptides using the coordination
where Cu2+ is bound to His6, His13 (or His14), and Asp1 with distorted planar geometry. The
newly developed force field and molecular dynamics simulation were employed to study the
impact of Cu2+ binding on structures and dynamics of Aβ42 monomer and dimers. It was shown
that in the presence of Cu2+ the β content of monomer is reduced substantially compared with the
wild-type Aβ42 suggesting that, in accord with experiments, metal ions facilitate formation of
amorphous aggregates rather than amyloid fibrils with cross–β structures. In addition, one
possible mechanism for amorphous assembly is that the Asp23–Lys28 salt bridge, which plays a
crucial role in β sheet formation, becomes more flexible upon copper ion binding to the Aβ Nterminus. The simulation of dimers was conducted with the Cu2+/Aβ stoichiometric ratios of 1:1
and 1:2. For the 1:1 ratio Cu2+ delays the Aβ dimerization process as observed in a number of
experiments. The mechanism underlying this phenomenon is associated with slow formation of
interchain salt bridges in dimer as well as with decreased hydrophobicity of monomer upon Cubinding.

DOI: 10.1021/acschemneuro.6b00109
The original publication is available at:
https://pubs.acs.org/doi/10.1021/acschemneuro.6b00109

Note: this paper has some printing errors and the corrections are in Appendix in page 99.
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5.5.2

Publication IV: Copper Binding Induces Polymorphism in Amyloid–β Peptide:
Results of Computational Models

Dinh Quoc Huy Pham, Mai Suan Li, and Giovanni La Penna
The Journal of Physical Chemistry B, 122, 7243–7252, (2018)

Abstract
Amyloid–β (Aβ) peptides are intrinsically disordered peptides, and their aggregation is the
hallmark of Alzheimer’s disease development. The propensity of the Aβ peptide to intermolecular
interactions, the latter favoring different types of oligomers and aggregated forms, has been the
object of a huge number of studies. Several facts are now established: the presence of large
amount of d-block (M) ions (Zn, Cu, and Fe) in the aggregated forms; the 1:1 M/Aβ ratio favors
the formation of amorphous aggregates, with an aggregation rate lower than that in the absence
of such ions. In particular, statistical models describing the interactions between copper and
amyloid peptides are mandatory to explain the relationship between neurodegeneration, copper
dyshomeostasis, and overproduction of reactive oxygen species, the latter event occurring with
aging. In this work, we show, by replica exchange molecular dynamics simulations, that a copper
ion (Cu2+) bound as in the experimentally observed prevailing coordination enhances the
probability of closed structures that hinder the formation of extended intermolecular hydrogen
bonds that stabilize fibrillar ordered aggregated forms. On the other hand, this effect enhances the
catalytic role of the complex during the lifetime of soluble forms.

DOI: 10.1021/acs.jpcb.8b03983
Original publication is available at:
https://pubs.acs.org/doi/abs/10.1021/acs.jpcb.8b03983
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6

Conclusions and future work

6.1 Main conclusions
The work done in this thesis was based on the amyloid cascade hypothesis of Alzheimer’s disease,
which posits that AD is caused by the self-assembly of Aβ peptides. Combining various
computational methods, we have studied the interaction of fullerenes, fullerenols, and Cu2+ ions
with Aβ monomers, oligomers as well as fibrils. Many of our results were complemented by in
vitro experiments performed by our collaborators from the Department of Biophysics, Institute of
Experimental Physics, Slovak Academy of Sciences. Our main results are as follows:
1. The binding affinity of fullerenes to Aβ fibrils, obtained by the MM-PBSA method,
increases linearly with the number of fullerene’s carbon atoms.
2. Fullerene C60 destroys Aβ17-42 fibrillar structure to a greater extent compared to other
fullerenes including C70 and C84 due to its ability to penetrate fibrils deeply.
3. Both simulation and experiment showed that soluble Fullerenol C60(OH)16 is a good drug
candidate for the treatment of AD, as it can block Aβ aggregation with the inhibition
constant in the µM range.
4. Aβ peptides belong to the class of IDPs with a relatively flat free energy landscape, and,
therefore, metal ions cannot covalently bind to shallow minima, which makes the problem
of constructing FF for Cu–Aβ interaction very challenging. However, because Cu2+, for
example, can travel from one basin to another at a time scale of millisecond, which is
longer than the simulation time, we assumed that in the best experimental coordination
Cu2+ is covalently linked to Asp1, His6, and His13/14 at the N-terminus. Then we were
able to obtain the classical FF, which includes parameters for Aβ–Cu2+ bonded
interactions including bond-stretching and bending terms, while torsional terms were
neglected. These parameters were incorporated in AMBER for all-atom MD simulation.
5. Since the propensity to the aggregation of proteins is encoded in the conformations
accessed by the monomers at equilibrium, it is important to study the effect of copper
ions on the monomeric state. Using homemade FF, we studied Aβ40 monomers with and
without Cu2+ in detail. We demonstrated that copper binding limits the access to the socalled fibril-prone conformation promoting the formation of an amorphous aggregate, as
was observed in the experiment. In addition, copper-induced polymorphism of soluble
forms is thought to be associated with toxic effects caused by divalent metal ions.
6. In the presence of Cu2+, the beta structure of the Aβ42 monomer sharply decreases, which
provides evidence of the formation of disordered aggregates. This conclusion is also
supported by the fact that the Asp23–Lys28 salt bridge, which plays a crucial role in sheet
formation, becomes more flexible upon copper ion binding to the Aβ N-terminus.
7. We showed that upon binding of Cu2+ the hydrophobicity of the Aβ42 monomer decreases
as SASA increases, and this is consistent with an experiment reporting that in the presence
of copper ions the aggregation of the rate is reduced.
8. We studied Aβ42 dimers with and without Cu2+ at Aβ:Cu concentrations of 1:1 and 2:1.
At the high 1:1 concentration, the dimerization slows down in comparison with the Cufree case, since the number of salt bridges formed at the same time scale becomes smaller.
9. Representative structures of Aβ42–Cu2+ dimers on the free energy surface are more
compact than that of 2Aβ42, which suggests that copper ions disfavor the formation of
extended cross–β structures observed in the conventional fibrillary state.

6.2 Future work
•

Since no effective drug has been found for the treatment of AD, work in this direction
deserves to be continued. Targeting the self-assembly and oligomerization of Aβ has been
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•

•

an important strategy for designing AD therapeutics. Recently, research into the
metallobiology of AD has revealed that Zn2+ and Cu2+ can greatly promote as well as
inhibit the neurotoxicity of Aβ, depending on the experimental conditions. Thus, our drug
design strategy will be based on the search for successful candidates that can inhibit the
activity not only of Aβ oligomers themselves but also of Aβ–Zn2+ and Aβ–Cu2+
complexes.
A recent experiment has indicated that the minimal size of Aβ42 oligomer is presumably
5 or 6, motivating us to provide a theoretical understanding of this interesting issue. By
studying oligomers of various sizes (from dimer to 12-mer) we will examine if there
exists a sharp increase in ordering or β–structure at 5-6 chains.
Recently we have shown that free copper ions disturb the lipid bilayer membrane more
strongly than when they are bound to the Aβ monomer, which implies that together with
Aβ metal ions can play a protective role. One of the interesting questions is how highorder oligomers with and without Cu affect the membrane and whether they can form
an ion channel, which is related to cell toxicity. We will investigate this problem in the
near future.
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Appendix: Corrections to our paper “Impact of
Cu2+ Binding on Structures and Dynamics of Aβ42
Monomer and Dimer: Molecular Dynamics Study”
[161]
1.
2.

3.

4.
5.

On page 1350 and in the first paragraph of the section "Impact of Cu2+ on Monomer
Aβ42", 1.01 ± 0.06 should be replaced by 1.02 ± 0.06.
On page 1353 and in the sub-section "Salt-bridge Networks. Dimer without Cu:
(Aβ42)2", "... appear during MD simulation (Figure 3) ..." should be replaced by "...
appear during MD simulation (Figure 1) ..."
On page 1355 and in the sub-section "Dimers with Cu/Aβ42 Ratio 1:2 ((Aβ42–Cu(II))
+ Aβ42 and Aβ42–Cu(II)–Aβ42)", "... numbers reduced to 8 and 10 ..." should be
replaced by "... numbers reduced to 9 and 10 ..."
Figure 8 in the paper (5.5.1) [161] should be replaced by Appendix Figure 1 in this
Appendix.
Table 2 in the paper (5.5.1) [161] should be replaced by Appendix Table 1 in this
Appendix.

System

Rg

SASA

βcontent

Helix

Turn

Coil

(Aβ42)2
(Aβ42–Cu2+)2
(Aβ42–Cu2+) +
Aβ42
Aβ42–Cu2+–Aβ42

14.7
14.0
14.5

59.3
60.1
59.4

12.9
11.2
13.7

6.5
1.5
5.0

21.0
15.2
16.2

59.1
72.1
65.1

13.2

57.7

7.3

3.0

17.2

72.5

P(CN3>2)
Mono Mono
A
B
8.6
0
97.5
98.8
98.8
0.2
0

99.1

Appendix Table 1:Average structural parameters for dimers. Rg (nm), SASA (nm2), secondary structure and
P(CN3>2) are in %.
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Appendix Figure 1: Salt-bridge contact maps for four dimer systems. Black-filled circles represent salt-bridges with
population higher than 10%.

Pham Dinh Quoc Huy

Page 100

Interaction of fullerene derivatives and Cu2+ ions with amyloid beta peptide and their fibrils
References

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

Henderson, A.S. and A.F. Jorm, Definition and epidemiology of dementia: a review. Dementia,
2002. 3: p. 1-68.
Wilson, R.S., et al., The natural history of cognitive decline in Alzheimer's disease. Psychology
and aging, 2012. 27(4): p. 1008.
Hardy, J. and D.J. Selkoe, The amyloid hypothesis of Alzheimer's disease: progress and
problems on the road to therapeutics. science, 2002. 297(5580): p. 353-356.
Alonso, A.d.C., et al., Hyperphosphorylation induces self-assembly of τ into tangles of paired
helical filaments/straight filaments. Proceedings of the National Academy of Sciences, 2001.
98(12): p. 6923-6928.
Citron, M., Strategies for disease modification in Alzheimer's disease. Nature Reviews
Neuroscience, 2004. 5(9): p. 677-685.
Aguzzi, A. and T. O'connor, Protein aggregation diseases: pathogenicity and therapeutic
perspectives. Nature reviews Drug discovery, 2010. 9(3): p. 237-248.
Chiang, K. and E.H. Koo, Emerging therapeutics for Alzheimer's disease. Annual review of
pharmacology and toxicology, 2014. 54.
Fitzpatrick, A.W., et al., Atomic structure and hierarchical assembly of a cross-β amyloid fibril.
Proceedings of the National Academy of Sciences, 2013. 110(14): p. 5468-5473.
Straub, J.E. and D. Thirumalai, Toward a molecular theory of early and late events in monomer
to amyloid fibril formation. Annual review of physical chemistry, 2011. 62: p. 437-463.
Eanes, E. and G. Glenner, X-ray diffraction studies on amyloid filaments. Journal of
Histochemistry & Cytochemistry, 1968. 16(11): p. 673-677.
Kirschner, D.A., C. Abraham, and D.J. Selkoe, X-ray diffraction from intraneuronal paired
helical filaments and extraneuronal amyloid fibers in Alzheimer disease indicates cross-beta
conformation. Proceedings of the National Academy of Sciences, 1986. 83(2): p. 503-507.
Petkova, A.T., et al., A structural model for Alzheimer's β-amyloid fibrils based on experimental
constraints from solid state NMR. Proceedings of the National Academy of Sciences, 2002.
99(26): p. 16742-16747.
Lührs, T., et al., 3D structure of Alzheimer's amyloid-β (1–42) fibrils. Proceedings of the
National Academy of Sciences, 2005. 102(48): p. 17342-17347.
Dahlgren, K.N., et al., Oligomeric and fibrillar species of amyloid-β peptides differentially affect
neuronal viability. Journal of Biological Chemistry, 2002. 277(35): p. 32046-32053.
Roher, A.E., et al., Morphology and toxicity of Aβ-(1-42) dimer derived from neuritic and
vascular amyloid deposits of Alzheimer's disease. Journal of Biological Chemistry, 1996.
271(34): p. 20631-20635.
Townsend, M., et al., Effects of secreted oligomers of amyloid β‐protein on hippocampal
synaptic plasticity: a potent role for trimers. The Journal of physiology, 2006. 572(2): p. 477492.
Lesné, S., et al., A specific amyloid-β protein assembly in the brain impairs memory. Nature,
2006. 440(7082): p. 352-357.
Selkoe, D.J., Soluble oligomers of the amyloid β-protein: Impair synaptic plasticity and
behavior, in Synaptic Plasticity and the Mechanism of Alzheimer's Disease. 2008, Springer. p.
89-102.
Bernstein, S.L., et al., Amyloid-β protein oligomerization and the importance of tetramers and
dodecamers in the aetiology of Alzheimer's disease. Nature chemistry, 2009. 1(4): p. 326-331.
De La Torre, J., et al., Drug therapy in Alzheimer's disease [5](multiple letters). New England
Journal of Medicine, 2004. 351(18): p. 1911-1913.
Yan, R. and R. Vassar, Targeting the β secretase BACE1 for Alzheimer's disease therapy. The
Lancet Neurology, 2014. 13(3): p. 319-329.
DaSilva, K.A., J.E. Shaw, and J. McLaurin, Amyloid-β fibrillogenesis: structural insight and
therapeutic intervention. Experimental neurology, 2010. 223(2): p. 311-321.
Yatin, S.M., et al., Role of spermine in amyloid β‐peptide‐associated free radical‐induced
neurotoxicity. Journal of neuroscience research, 2001. 63(5): p. 395-401.
Dolphin, G.T., et al., A Multimeric Quinacrine Conjugate as a Potential Inhibitor of Alzheimer's
β‐Amyloid Fibril Formation. Chembiochem, 2008. 9(6): p. 952-963.
Bush, A.I., Metal complexing agents as therapies for Alzheimer’s disease. Neurobiology of
aging, 2002. 23(6): p. 1031-1038.

Pham Dinh Quoc Huy

Page 101

Interaction of fullerene derivatives and Cu2+ ions with amyloid beta peptide and their fibrils
References
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.

Evans, C.G., S. Wisén, and J.E. Gestwicki, Heat shock proteins 70 and 90 inhibit early stages of
amyloid β-(1–42) aggregation in vitro. Journal of Biological Chemistry, 2006. 281(44): p.
33182-33191.
Svennerholm, L., Gangliosides--a new therapeutic agent against stroke and Alzheimer's disease.
Life sciences, 1994. 55(25-26): p. 2125-2134.
Castillo, G.M., et al., Perlecan binds to the β‐amyloid proteins (Aβ) of Alzheimer's disease,
accelerates Aβ fibril formation, and maintains Aβ fibril stability. Journal of neurochemistry,
1997. 69(6): p. 2452-2465.
Nitz, M., et al., Modulation of amyloid‐β aggregation and toxicity by inosose stereoisomers. The
FEBS Journal, 2008. 275(8): p. 1663-1674.
Tjernberg, L.O., et al., Arrest of-amyloid fibril formation by a pentapeptide ligand. Journal of
Biological Chemistry, 1996. 271(15): p. 8545-8548.
Soto, C., et al., Inhibition of Alzheimer's amyloidosis by peptides that prevent β-sheet
conformation. Biochemical and biophysical research communications, 1996. 226(3): p. 672-680.
Takahashi, T., K. Tada, and H. Mihara, RNA aptamers selected against amyloid β-peptide (Aβ)
inhibit the aggregation of Aβ. Molecular Biosystems, 2009. 5(9): p. 986-991.
Viet, M.H., et al., Discovery of dihydrochalcone as potential lead for Alzheimer’s disease: in
silico and in vitro study. PloS one, 2013. 8(11): p. e79151.
Bellova, A., et al., Effect of Fe3O4 magnetic nanoparticles on lysozyme amyloid aggregation.
Nanotechnology, 2010. 21(6): p. 065103.
Siposova, K., et al., Depolymerization of insulin amyloid fibrils by albumin-modified magnetic
fluid. Nanotechnology, 2012. 23(5): p. 055101.
Antosova, A., et al., Anti-amyloidogenic activity of glutathione-covered gold nanoparticles.
Materials Science and Engineering: C, 2012. 32(8): p. 2529-2535.
Mirsadeghi, S., et al., Effect of PEGylated superparamagnetic iron oxide nanoparticles
(SPIONs) under magnetic field on amyloid beta fibrillation process. Materials Science and
Engineering: C, 2016. 59: p. 390-397.
Faller, P., C. Hureau, and G. La Penna, Metal ions and intrinsically disordered proteins and
peptides: from Cu/Zn amyloid-β to general principles. Accounts of chemical research, 2014.
47(8): p. 2252-2259.
Strodel, B. and O. Coskuner-Weber, Transition metal ion interactions with disordered amyloid-β
peptides in the pathogenesis of alzheimer’s disease: Insights from computational chemistry
studies. Journal of chemical information and modeling, 2019. 59(5): p. 1782-1805.
Burns, A. and S. Iliffe, Alzheimer’s disease. BMJ 338, b158. 2009.
Organization, W.H., Dementia fact sheet. World Health Organization: Geneva, Switzerland,
2017.
Herrup, K., The case for rejecting the amyloid cascade hypothesis. Nature neuroscience, 2015.
18(6): p. 794-799.
Hardy, J. and D. Allsop, Amyloid deposition as the central event in the aetiology of Alzheimer's
disease. Trends in Pharmacological Sciences, 1991. 12: p. 383-388.
Kayed, R., et al., Common structure of soluble amyloid oligomers implies common mechanism of
pathogenesis. Science, 2003. 300(5618): p. 486-489.
Caughey, B. and P.T. Lansbury Jr, Protofibrils, pores, fibrils, and neurodegeneration:
separating the responsible protein aggregates from the innocent bystanders. Annual review of
neuroscience, 2003. 26(1): p. 267-298.
Walsh, D.M. and D.J. Selkoe, Aβ oligomers–a decade of discovery. Journal of neurochemistry,
2007. 101(5): p. 1172-1184.
Haass, C. and D.J. Selkoe, Soluble protein oligomers in neurodegeneration: lessons from the
Alzheimer's amyloid β-peptide. Nature reviews Molecular cell biology, 2007. 8(2): p. 101-112.
Tsai, J., et al., Fibrillar amyloid deposition leads to local synaptic abnormalities and breakage
of neuronal branches. Nature neuroscience, 2004. 7(11): p. 1181-1183.
Ghosh, A.K. and H.L. Osswald, BACE1 (β-secretase) inhibitors for the treatment of Alzheimer's
disease. Chemical Society Reviews, 2014. 43(19): p. 6765-6813.
Menting, K.W. and J.A. Claassen, β-secretase inhibitor; a promising novel therapeutic drug in
Alzheimer’s disease. Frontiers in aging neuroscience, 2014. 6: p. 165.
Doody, R., et al., Alzheimer’s Disease Cooperative Study Steering Committee; Semagacestat
Study Group (2013) A phase 3 trial of semagacestat for treatment of Alzheimer’s disease. N
Engl J Med. 369(4): p. 341-350.
Lichtenthaler, S.F., Alpha‐secretase in Alzheimer’s disease: molecular identity, regulation and
therapeutic potential. Journal of neurochemistry, 2011. 116(1): p. 10-21.
Priller, C., et al., Synapse formation and function is modulated by the amyloid precursor protein.
Journal of Neuroscience, 2006. 26(27): p. 7212-7221.

Pham Dinh Quoc Huy

Page 102

Interaction of fullerene derivatives and Cu2+ ions with amyloid beta peptide and their fibrils
References
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.

Turner, P.R., et al., Roles of amyloid precursor protein and its fragments in regulating neural
activity, plasticity and memory. Progress in neurobiology, 2003. 70(1): p. 1-32.
Moir, R.D., R. Lathe, and R.E. Tanzi, The antimicrobial protection hypothesis of Alzheimer's
disease. Alzheimer's & Dementia, 2018. 14(12): p. 1602-1614.
Yan, Y. and C. Wang, Aβ42 is more rigid than Aβ40 at the C terminus: implications for Aβ
aggregation and toxicity. Journal of molecular biology, 2006. 364(5): p. 853-862.
Coles, M., et al., Solution Structure of Amyloid β-Peptide (1− 40) in a Water− Micelle
Environment. Is the Membrane-Spanning Domain Where We Think It Is? Biochemistry, 1998.
37(31): p. 11064-11077.
Tomaselli, S., et al., The α‐to‐β conformational transition of Alzheimer's Aβ‐(1–42) peptide in
aqueous media is reversible: a step by step conformational analysis suggests the location of β
conformation seeding. ChemBioChem, 2006. 7(2): p. 257-267.
Petkova, A.T., W.-M. Yau, and R. Tycko, Experimental constraints on quaternary structure in
Alzheimer's β-amyloid fibrils. Biochemistry, 2006. 45(2): p. 498-512.
Paravastu, A.K., et al., Molecular structural basis for polymorphism in Alzheimer's β-amyloid
fibrils. Proceedings of the National Academy of Sciences, 2008. 105(47): p. 18349-18354.
Colvin, M.T., et al., Atomic resolution structure of monomorphic Aβ42 amyloid fibrils. Journal
of the American Chemical Society, 2016. 138(30): p. 9663-9674.
Söldner, C.A., H. Sticht, and A.H. Horn, Role of the N-terminus for the stability of an amyloid-β
fibril with three-fold symmetry. PLoS One, 2017. 12(10): p. e0186347.
Lu, J.-X., et al., Molecular structure of β-amyloid fibrils in Alzheimer’s disease brain tissue.
Cell, 2013. 154(6): p. 1257-1268.
Wälti, M.A., et al., Atomic-resolution structure of a disease-relevant Aβ (1–42) amyloid fibril.
Proceedings of the National Academy of Sciences, 2016. 113(34): p. E4976-E4984.
Gremer, L., et al., Fibril structure of amyloid-β (1–42) by cryo–electron microscopy. Science,
2017. 358(6359): p. 116-119.
Ilie, I.M. and A. Caflisch, Simulation studies of amyloidogenic polypeptides and their
aggregates. Chemical reviews, 2019. 119(12): p. 6956-6993.
Lacosta, A.-M., et al., Safety, tolerability and immunogenicity of an active anti-Aβ 40 vaccine
(ABvac40) in patients with Alzheimer’s disease: a randomised, double-blind, placebocontrolled, phase I trial. Alzheimer's research & therapy, 2018. 10(1): p. 12.
Patton, R.L., et al., Amyloid-β peptide remnants in AN-1792-immunized Alzheimer's disease
patients: a biochemical analysis. The American journal of pathology, 2006. 169(3): p. 10481063.
Wiessner, C., et al., The second-generation active Aβ immunotherapy CAD106 reduces amyloid
accumulation in APP transgenic mice while minimizing potential side effects. Journal of
Neuroscience, 2011. 31(25): p. 9323-9331.
Wang, C.Y., et al., Site-specific UBITh® amyloid-β vaccine for immunotherapy of Alzheimer's
disease. Vaccine, 2007. 25(16): p. 3041-3052.
Ryan, J.M. and M. Grundman, Anti-amyloid-β immunotherapy in Alzheimer's disease: ACC-001
clinical trials are ongoing. Journal of Alzheimer's Disease, 2009. 17(2): p. 243-243.
Endres, K., et al., Increased CSF APPs-α levels in patients with Alzheimer disease treated with
acitretin. Neurology, 2014. 83(21): p. 1930-1935.
Obregon, D.F., et al., ADAM10 activation is required for green tea (–)-epigallocatechin-3gallate-induced α-secretase cleavage of amyloid precursor protein. Journal of Biological
Chemistry, 2006. 281(24): p. 16419-16427.
Timmers, M., et al., Profiling the dynamics of CSF and plasma Aβ reduction after treatment with
JNJ-54861911, a potent oral BACE inhibitor. Alzheimer's & Dementia: Translational Research
& Clinical Interventions, 2016. 2(3): p. 202-212.
Lopez, C.L., et al., The Alzheimer’s Prevention Initiative Generation Program: evaluating
CNP520 efficacy in the prevention of Alzheimer’s disease. J Prev Alzheimers Dis, 2017. 4(4): p.
242-6.
Lai, R.Y., et al., [P1–043]: Elenbecestat, a novel oral bace inhibitor, has no clinically
meaningful effect on QTC internal up to a supratherapeutic dose of 200 mg. Alzheimer's &
Dementia, 2017. 13(7S_Part_5): p. P250-P251.
Sims, J., et al., Development review of the BACE1 inhibitor lanabecestat
(AZD3293/LY3314814). The journal of prevention of Alzheimer's disease, 2017. 4(4): p. 247254.
May, P.C., et al., The potent BACE1 inhibitor LY2886721 elicits robust central Aβ
pharmacodynamic responses in mice, dogs, and humans. Journal of Neuroscience, 2015. 35(3):
p. 1199-1210.

Pham Dinh Quoc Huy

Page 103

Interaction of fullerene derivatives and Cu2+ ions with amyloid beta peptide and their fibrils
References
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.

He, P., et al., Long-term treatment of thalidomide ameliorates amyloid-like pathology through
inhibition of β-secretase in a mouse model of Alzheimer’s disease. PloS one, 2013. 8(2): p.
e55091.
Egan, M.F., et al., Randomized trial of verubecestat for mild-to-moderate Alzheimer’s disease.
New England Journal of Medicine, 2018. 378(18): p. 1691-1703.
Rogers, K., et al., Modulation of γ-secretase by EVP-0015962 reduces amyloid deposition and
behavioral deficits in Tg2576 mice. Molecular neurodegeneration, 2012. 7(1): p. 61.
Wilcock, G.K., et al., Efficacy and safety of tarenflurbil in mild to moderate Alzheimer's disease:
a randomised phase II trial. The Lancet Neurology, 2008. 7(6): p. 483-493.
Anandakumar, P., et al., A review on the diverse effects of D-Pinitol. Adv J Pharm Life sci Res,
2018. 6(1): p. 1-7.
Sevigny, J., et al., The antibody aducanumab reduces Aβ plaques in Alzheimer’s disease. Nature,
2016. 537(7618): p. 50-56.
Schneeberger, A., et al., Results from a phase II study to assess the clinical and immunological
activity of AFFITOPE® AD02 in patients with early Alzheimer’s disease. The Journal of
prevention of Alzheimer's disease, 2016. 2(2): p. 103-114.
Lannfelt, L., et al., Perspectives on future Alzheimer therapies: amyloid-β protofibrils-a new
target for immunotherapy with BAN2401 in Alzheimer’s disease. Alzheimer's research &
therapy, 2014. 6(2): p. 1-8.
Salloway, S., et al., Two phase 3 trials of bapineuzumab in mild-to-moderate Alzheimer's
disease. New England Journal of Medicine, 2014. 370(4): p. 322-333.
Cummings, J.L., et al., ABBY: A phase 2 randomized trial of crenezumab in mild to moderate
Alzheimer disease. Neurology, 2018. 90(21): p. e1889-e1897.
Corona, A.W., et al., ABCA1 is necessary for bexarotene-mediated clearance of soluble amyloid
beta from the hippocampus of APP/PS1 mice. Journal of Neuroimmune Pharmacology, 2016.
11(1): p. 61-72.
Izzo, N.J., et al., Alzheimer's therapeutics targeting amyloid beta 1–42 oligomers I: Abeta 42
oligomer binding to specific neuronal receptors is displaced by drug candidates that improve
cognitive deficits. PloS one, 2014. 9(11): p. e111898.
Ma, K., L.A. Thomason, and J. McLaurin, Scyllo-inositol, preclinical, and clinical data for
Alzheimer’s disease, in Advances in pharmacology. 2012, Elsevier. p. 177-212.
DeMattos, R.B., et al., A plaque-specific antibody clears existing β-amyloid plaques in
Alzheimer's disease mice. Neuron, 2012. 76(5): p. 908-920.
La Porte, S.L., et al., Structural basis of C-terminal β-amyloid peptide binding by the antibody
ponezumab for the treatment of Alzheimer's disease. Journal of molecular biology, 2012. 421(45): p. 525-536.
Doody, R.S., et al., Phase 3 trials of solanezumab for mild-to-moderate Alzheimer's disease.
New England Journal of Medicine, 2014. 370(4): p. 311-321.
Gervais, F., et al., Glycosaminoglycan mimetics: a therapeutic approach to cerebral amyloid
angiopathy. Amyloid: the international journal of experimental and clinical investigation: the
official journal of the International Society of Amyloidosis, 2001. 8: p. 28-35.
Hoffmann, T., et al., Glutaminyl cyclase inhibitor PQ912 improves cognition in mouse models of
Alzheimer’s disease—studies on relation to effective target occupancy. Journal of Pharmacology
and Experimental Therapeutics, 2017. 362(1): p. 119-130.
Szabo, P., et al., Measurement of anti-beta amyloid antibodies in human blood. Journal of
neuroimmunology, 2010. 227(1-2): p. 167-174.
Ostrowitzki, S., et al., Mechanism of amyloid removal in patients with Alzheimer disease treated
with gantenerumab. Archives of neurology, 2012. 69(2): p. 198-207.
Relkin, N.R., et al., 18-Month study of intravenous immunoglobulin for treatment of mild
Alzheimer disease. Neurobiology of aging, 2009. 30(11): p. 1728-1736.
Relkin, N.R., et al., A phase 3 trial of IV immunoglobulin for Alzheimer disease. Neurology,
2017. 88(18): p. 1768-1775.
Weksler, M.E., et al., Patients with Alzheimer disease have lower levels of serum anti-amyloid
peptide antibodies than healthy elderly individuals. Experimental gerontology, 2002. 37(7): p.
943-948.
Hawkes, C.A., V. Ng, and J. McLaurin, Small molecule inhibitors of Aβ‐aggregation and
neurotoxicity. Drug Development Research, 2009. 70(2): p. 111-124.
Yamin, G., et al., Amyloid β-protein assembly as a therapeutic target of Alzheimer's disease.
Current pharmaceutical design, 2008. 14(30): p. 3231-3246.
Li, C. and R. Mezzenga, The interplay between carbon nanomaterials and amyloid fibrils in bionanotechnology. Nanoscale, 2013. 5(14): p. 6207-6218.

Pham Dinh Quoc Huy

Page 104

Interaction of fullerene derivatives and Cu2+ ions with amyloid beta peptide and their fibrils
References
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.

Kayat, J., et al., Pulmonary toxicity of carbon nanotubes: a systematic report. Nanomedicine:
Nanotechnology, Biology and Medicine, 2011. 7(1): p. 40-49.
Yang, S.T., et al., Biosafety and bioapplication of nanomaterials by designing protein–
nanoparticle interactions. Small, 2013. 9(9‐10): p. 1635-1653.
Moussa, F., et al., Early effects of C60 Administration in Swiss Mice: A Preliminary Account for
In Vivo C60 Toxicity. Fullerene Science & Technology, 1996. 4(1): p. 21-29.
Mori, T., et al., Preclinical studies on safety of fullerene upon acute oral administration and
evaluation for no mutagenesis. Toxicology, 2006. 225(1): p. 48-54.
Gharbi, N., et al., [60] Fullerene is a powerful antioxidant in vivo with no acute or subacute
toxicity. Nano Letters, 2005. 5(12): p. 2578-2585.
Kolosnjaj, J., H. Szwarc, and F. Moussa, Toxicity studies of fullerenes and derivatives, in BioApplications of Nanoparticles. 2007, Springer. p. 168-180.
Bobylev, A., et al., Study of cytotoxicity of fullerene C 60 derivatives. Biophysics, 2012. 57(5):
p. 572-576.
Xiao, L., et al., Highly hydroxylated fullerene localizes at the cytoskeleton and inhibits oxidative
stress in adipocytes and a subcutaneous adipose-tissue equivalent. Free Radical Biology and
Medicine, 2011. 51(7): p. 1376-1389.
Dugan, L.L., et al., Carboxyfullerenes as neuroprotective agents. Proceedings of the National
Academy of Sciences, 1997. 94(17): p. 9434-9439.
Grebowski, J., P. Kazmierska, and A. Krokosz, Fullerenols as a new therapeutic approach in
nanomedicine. BioMed Research International, 2013. 2013.
Ruoff, R., et al., Solubility of fullerene (C60) in a variety of solvents. The Journal of Physical
Chemistry, 1993. 97(13): p. 3379-3383.
Bosi, S., et al., Fullerene derivatives: an attractive tool for biological applications. European
journal of medicinal chemistry, 2003. 38(11-12): p. 913-923.
Friedman, S.H., et al., Inhibition of the HIV-1 protease by fullerene derivatives: model building
studies and experimental verification. Journal of the American Chemical Society, 1993. 115(15):
p. 6506-6509.
Chen, C., et al., Multihydroxylated [Gd@ C82 (OH) 22] n nanoparticles: antineoplastic activity
of high efficiency and low toxicity. Nano letters, 2005. 5(10): p. 2050-2057.
Kim, J.E. and M. Lee, Fullerene inhibits β-amyloid peptide aggregation. Biochemical and
biophysical research communications, 2003. 303(2): p. 576-579.
Podolski, I.Y., et al., Effects of hydrated forms of C60 fullerene on amyloid β-peptide
fibrillization in vitro and performance of the cognitive task. Journal of nanoscience and
nanotechnology, 2007. 7(4-5): p. 1479-1485.
Bobylev, A., et al., Effect of nitroderivatives of fullerene C60 on amyloid fibrils of Abeta (1-42)
peptide of the brain and muscle X-protein. Biofizika, 2010. 55(3): p. 394.
Marsagishvili, L., et al., Effect of fullerenes C 60 on X-protein amyloids. Biophysics, 2009.
54(2): p. 135-138.
Johnson-Lyles, D.N., et al., Fullerenol cytotoxicity in kidney cells is associated with cytoskeleton
disruption, autophagic vacuole accumulation, and mitochondrial dysfunction. Toxicology and
applied pharmacology, 2010. 248(3): p. 249-258.
Su, Y., et al., Cellular uptake and cytotoxic evaluation of fullerenol in different cell lines.
Toxicology, 2010. 269(2-3): p. 155-159.
Saathoff, J., et al., In vitro toxicity assessment of three hydroxylated fullerenes in human skin
cells. Toxicology in Vitro, 2011. 25(8): p. 2105-2112.
Zha, Y.-y., et al., Concentration-dependent effects of fullerenol on cultured hippocampal neuron
viability. International journal of nanomedicine, 2012. 7: p. 3099.
Marsagishvili, L., et al., Effect of fullerenes C60 on the amyloids of X-protein. Biofizika, 2009.
54(2): p. 202.
Bobylev, A., et al., Fullerenolates: metallated polyhydroxylated fullerenes with potent antiamyloid activity. Organic & biomolecular chemistry, 2011. 9(16): p. 5714-5719.
Andujar, S.A., et al., Amyloid-β fibril disruption by C 60—molecular guidance for rational drug
design. Physical Chemistry Chemical Physics, 2012. 14(24): p. 8599-8607.
Kroto, H.W., et al., C60: Buckminsterfullerene. nature, 1985. 318(6042): p. 162-163.
Dong, J., et al., Metal binding and oxidation of amyloid-β within isolated senile plaque cores:
Raman microscopic evidence. Biochemistry, 2003. 42(10): p. 2768-2773.
Lovell, M., et al., Copper, iron and zinc in Alzheimer's disease senile plaques. Journal of the
neurological sciences, 1998. 158(1): p. 47-52.
Miller, L.M., et al., Synchrotron-based infrared and X-ray imaging shows focalized
accumulation of Cu and Zn co-localized with β-amyloid deposits in Alzheimer’s disease. Journal
of structural biology, 2006. 155(1): p. 30-37.

Pham Dinh Quoc Huy

Page 105

Interaction of fullerene derivatives and Cu2+ ions with amyloid beta peptide and their fibrils
References
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.

Pall, H., et al., Raised cerebrospinal-fluid copper concentration in Parkinson's disease. The
Lancet, 1987. 330(8553): p. 238-241.
Castellani, R.J., et al., Sequestration of iron by Lewy bodies in Parkinson’s disease. Acta
neuropathologica, 2000. 100(2): p. 111-114.
Klewpatinond, M., et al., Deconvoluting the Cu2+ binding modes of full-length prion protein.
Journal of Biological Chemistry, 2008. 283(4): p. 1870-1881.
Brown, D.R., et al., The cellular prion protein binds copper in vivo. Nature, 1997. 390(6661): p.
684-687.
Miller, Y., B. Ma, and R. Nussinov, Metal binding sites in amyloid oligomers: Complexes and
mechanisms. Coordination Chemistry Reviews, 2012. 256(19-20): p. 2245-2252.
Drew, S.C., C.L. Masters, and K.J. Barnham, Alanine-2 carbonyl is an oxygen ligand in Cu2+
coordination of Alzheimer’s disease amyloid-β peptide− relevance to N-terminally truncated
forms. Journal of the American Chemical Society, 2009. 131(25): p. 8760-8761.
Dorlet, P., et al., Pulse EPR Spectroscopy Reveals the Coordination Sphere of Copper (II) Ions
in the 1–16 Amyloid‐β Peptide: A Key Role of the First Two N‐Terminus Residues. Angewandte
Chemie, 2009. 121(49): p. 9437-9440.
Miura, T., et al., Metal binding modes of Alzheimer's amyloid β-peptide in insoluble aggregates
and soluble complexes. Biochemistry, 2000. 39(23): p. 7024-7031.
Hou, L. and M.G. Zagorski, NMR reveals anomalous copper (II) binding to the amyloid Aβ
peptide of Alzheimer's disease. Journal of the American Chemical Society, 2006. 128(29): p.
9260-9261.
Parthasarathy, S., et al., Molecular-level examination of Cu2+ binding structure for amyloid
fibrils of 40-residue Alzheimer’s β by solid-state NMR spectroscopy. Journal of the American
Chemical Society, 2011. 133(10): p. 3390-3400.
Minicozzi, V., et al., Identifying the minimal copper-and zinc-binding site sequence in amyloid-β
peptides. Journal of Biological Chemistry, 2008. 283(16): p. 10784-10792.
Gomez-Castro, C.Z., et al., Insights into the oxygen-based ligand of the low ph component of the
cu2+-amyloid-β complex. The Journal of Physical Chemistry B, 2014. 118(34): p. 10052-10064.
Ryan, T.M., et al., Small angle X-ray scattering analysis of Cu 2+-induced oligomers of the
Alzheimer's amyloid β peptide. Metallomics, 2015. 7(3): p. 536-543.
Nag, S., et al., Nature of the amyloid-β monomer and the monomer-oligomer equilibrium.
Journal of Biological Chemistry, 2011. 286(16): p. 13827-13833.
Sitkiewicz, E., et al., Factors influencing compact–extended structure equilibrium in oligomers
of Aβ1–40 peptide—an ion mobility mass spectrometry study. Journal of molecular biology,
2014. 426(15): p. 2871-2885.
Bitan, G., S.S. Vollers, and D.B. Teplow, Elucidation of primary structure elements controlling
early amyloid β-protein oligomerization. Journal of Biological Chemistry, 2003. 278(37): p.
34882-34889.
Innocenti, M., et al., Trace Copper (II) or Zinc (II) Ions Drastically Modify the Aggregation
Behavior of Amyloid-β 1–42: An AFM Study. Journal of Alzheimer's Disease, 2010. 19(4): p.
1323-1329.
Hane, F., et al., Cu 2+ affects amyloid-β (1–42) aggregation by increasing peptide-peptide
binding forces. PloS one, 2013. 8(3): p. e59005.
Ono, K., M.M. Condron, and D.B. Teplow, Structure–neurotoxicity relationships of amyloid βprotein oligomers. Proceedings of the National Academy of Sciences, 2009. 106(35): p. 1474514750.
Huang, T.J., et al., Structural studies of soluble oligomers of the Alzheimer β-amyloid peptide.
Journal of molecular biology, 2000. 297(1): p. 73-87.
Zubčić, K., et al., The Role of Copper in Tau-Related Pathology in Alzheimer’s Disease.
Frontiers in Molecular Neuroscience, 2020. 13: p. 174.
Pedersen, J.T., et al., Cu (II) mediates kinetically distinct, non-amyloidogenic aggregation of
amyloid-β peptides. Journal of Biological Chemistry, 2011. 286(30): p. 26952-26963.
Savelieff, M.G., et al., Untangling amyloid-β, tau, and metals in Alzheimer’s disease. ACS
chemical biology, 2013. 8(5): p. 856-865.
Smith, D.G., R. Cappai, and K.J. Barnham, The redox chemistry of the Alzheimer's disease
amyloid β peptide. Biochimica et Biophysica Acta (BBA)-Biomembranes, 2007. 1768(8): p.
1976-1990.
Faller, P., C. Hureau, and O. Berthoumieu, Role of metal ions in the self-assembly of the
Alzheimer’s amyloid-β peptide. Inorganic chemistry, 2013. 52(21): p. 12193-12206.
Mirats, A., et al., Dioxygen activation in the Cu–amyloid β complex. Physical chemistry
chemical physics, 2015. 17(41): p. 27270-27274.

Pham Dinh Quoc Huy

Page 106

Interaction of fullerene derivatives and Cu2+ ions with amyloid beta peptide and their fibrils
References
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.
180.
181.
182.

Reybier, K., et al., Free Superoxide is an Intermediate in the Production of H2O2 by Copper (I)‐
Aβ Peptide and O2. Angewandte Chemie, 2016. 128(3): p. 1097-1101.
Huy, P.D.Q., et al., Impact of Cu (II) binding on structures and dynamics of Aβ42 monomer and
dimer: Molecular dynamics study. ACS chemical neuroscience, 2016. 7(10): p. 1348-1363.
La Penna, G. and M.S. Li, Towards High‐Throughput Modelling of Copper Reactivity Induced
by Structural Disorder in Amyloid Peptides. Chemistry–A European Journal, 2018. 24(20): p.
5259-5270.
Atwood, C.S., et al., Dramatic aggregation of Alzheimer Aβ by Cu (II) is induced by conditions
representing physiological acidosis. Journal of Biological Chemistry, 1998. 273(21): p. 1281712826.
Singh, I., et al., Low levels of copper disrupt brain amyloid-β homeostasis by altering its
production and clearance. Proceedings of the National Academy of Sciences, 2013. 110(36): p.
14771-14776.
Curtain, C.C., et al., Metal ions, pH, and cholesterol regulate the interactions of Alzheimer's
disease amyloid-β peptide with membrane lipid. Journal of Biological Chemistry, 2003. 278(5):
p. 2977-2982.
Hu, W.-P., et al., Kinetic analysis of β-amyloid peptide aggregation induced by metal ions based
on surface plasmon resonance biosensing. Journal of neuroscience methods, 2006. 154(1-2): p.
190-197.
Pedersen, J.T., et al., Rapid formation of a preoligomeric peptide–metal–peptide complex
following copper (II) binding to amyloid β peptides. Angewandte Chemie, 2011. 123(11): p.
2580-2583.
da Silva, G.F. and L.J. Ming, Metallo‐ROS in Alzheimer's Disease: Oxidation of
Neurotransmitters by CuII‐β‐Amyloid and Neuropathology of the Disease. Angewandte Chemie
International Edition, 2007. 46(18): p. 3337-3341.
Huang, X., et al., Cu (II) potentiation of Alzheimer Aβ neurotoxicity correlation with cell-free
hydrogen peroxide production and metal reduction. Journal of Biological Chemistry, 1999.
274(52): p. 37111-37116.
Huang, X., et al., The Aβ peptide of Alzheimer's disease directly produces hydrogen peroxide
through metal ion reduction. Biochemistry, 1999. 38(24): p. 7609-7616.
Smith, D.P., et al., Concentration dependent Cu2+ induced aggregation and dityrosine
formation of the Alzheimer's disease amyloid-β peptide. Biochemistry, 2007. 46(10): p. 28812891.
Smith, D.P., et al., Copper-mediated amyloid-β toxicity is associated with an intermolecular
histidine bridge. Journal of Biological Chemistry, 2006. 281(22): p. 15145-15154.
Yoshiike, Y., et al., New insights on how metals disrupt amyloid β-aggregation and their effects
on amyloid-β cytotoxicity. Journal of Biological Chemistry, 2001. 276(34): p. 32293-32299.
Shankar, G.M., et al., Amyloid-β protein dimers isolated directly from Alzheimer's brains impair
synaptic plasticity and memory. Nature medicine, 2008. 14(8): p. 837-842.
Ha, C., J. Ryu, and C.B. Park, Metal ions differentially influence the aggregation and deposition
of Alzheimer's β-amyloid on a solid template. Biochemistry, 2007. 46(20): p. 6118-6125.
Rajamani, R. and A.C. Good, Ranking poses in structure-based lead discovery and optimization:
current trends in scoring function development. Current opinion in drug discovery &
development, 2007. 10(3): p. 308-315.
Van Zundert, G., et al., The HADDOCK2. 2 web server: user-friendly integrative modeling of
biomolecular complexes. Journal of molecular biology, 2016. 428(4): p. 720-725.
Trott, O. and A.J. Olson, AutoDock Vina: improving the speed and accuracy of docking with a
new scoring function, efficient optimization, and multithreading. Journal of computational
chemistry, 2010. 31(2): p. 455-461.
Böhm, H.-J., The development of a simple empirical scoring function to estimate the binding
constant for a protein-ligand complex of known three-dimensional structure. Journal of
computer-aided molecular design, 1994. 8(3): p. 243-256.
Morris, G.M., et al., Automated docking using a Lamarckian genetic algorithm and an empirical
binding free energy function. Journal of computational chemistry, 1998. 19(14): p. 1639-1662.
Morris, G.M., et al., Distributed automated docking of flexible ligands to proteins: parallel
applications of AutoDock 2.4. Journal of computer-aided molecular design, 1996. 10(4): p. 293304.
Pearlman, D.A., et al., AMBER, a package of computer programs for applying molecular
mechanics, normal mode analysis, molecular dynamics and free energy calculations to simulate
the structural and energetic properties of molecules. Computer Physics Communications, 1995.
91(1-3): p. 1-41.

Pham Dinh Quoc Huy

Page 107

Interaction of fullerene derivatives and Cu2+ ions with amyloid beta peptide and their fibrils
References
183.
184.
185.
186.
187.
188.
189.
190.
191.
192.
193.
194.
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.
209.
210.

Case, D.A., et al., The Amber biomolecular simulation programs. Journal of computational
chemistry, 2005. 26(16): p. 1668-1688.
Case, D., et al., AMBER 12 University of California. San Francisco, 2012.
Case, D., et al., AMBER 14, University of California, San Francisco, 2014 Search PubMed;(b)
V. Hornak, R. Abel, A. Okur, B. Strockbine, A. Roitberg and C. Simmerling. Proteins, 2006. 65:
p. 712-725.
Ponder, J.W. and D.A. Case, Force fields for protein simulations, in Advances in protein
chemistry. 2003, Elsevier. p. 27-85.
Van Gunsteren, W.F. and H.J. Berendsen, A leap-frog algorithm for stochastic dynamics.
Molecular Simulation, 1988. 1(3): p. 173-185.
Ryckaert, J.-P., G. Ciccotti, and H.J. Berendsen, Numerical integration of the cartesian
equations of motion of a system with constraints: molecular dynamics of n-alkanes. Journal of
computational physics, 1977. 23(3): p. 327-341.
Wu, X. and B.R. Brooks, Self-guided Langevin dynamics simulation method. Chemical Physics
Letters, 2003. 381(3-4): p. 512-518.
Darden, T., D. York, and L. Pedersen, Particle mesh Ewald: An N⋅ log (N) method for Ewald
sums in large systems. The Journal of chemical physics, 1993. 98(12): p. 10089-10092.
Sugita, Y. and Y. Okamoto, Replica-exchange molecular dynamics method for protein folding.
Chemical physics letters, 1999. 314(1-2): p. 141-151.
Kollman, P.A., et al., Calculating structures and free energies of complex molecules: combining
molecular mechanics and continuum models. Accounts of chemical research, 2000. 33(12): p.
889-897.
Weiser, J., P.S. Shenkin, and W.C. Still, Approximate atomic surfaces from linear combinations
of pairwise overlaps (LCPO). Journal of Computational Chemistry, 1999. 20(2): p. 217-230.
Frishman, D. and P. Argos, Knowledge‐based protein secondary structure assignment. Proteins:
Structure, Function, and Bioinformatics, 1995. 23(4): p. 566-579.
Heinig, M. and D. Frishman, STRIDE: a web server for secondary structure assignment from
known atomic coordinates of proteins. Nucleic acids research, 2004. 32(suppl_2): p. W500W502.
Kabsch, W. and C. Sander, Dictionary of protein secondary structure: pattern recognition of
hydrogen‐bonded and geometrical features. Biopolymers: Original Research on Biomolecules,
1983. 22(12): p. 2577-2637.
Schrodinger, L., The PyMOL molecular graphics system. Version, 2010. 1(5): p. 0.
Turner, P., XMGRACE, Version 5.1. 19. Center for Coastal and Land-Margin Research, Oregon
Graduate Institute of Science and Technology, Beaverton, OR, 2005.
Williams, T., et al., 1 gnuplot. 2004.
Biancalana, M. and S. Koide, Molecular mechanism of Thioflavin-T binding to amyloid fibrils.
Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics, 2010. 1804(7): p. 1405-1412.
Cappella, B. and G. Dietler, Force-distance curves by atomic force microscopy. Surface science
reports, 1999. 34(1-3): p. 1-104.
Huy, P.D.Q. and M.S. Li, Binding of fullerenes to amyloid beta fibrils: size matters. Physical
Chemistry Chemical Physics, 2014. 16(37): p. 20030-20040.
Bednarikova, Z., et al., Fullerenol C 60 (OH) 16 prevents amyloid fibrillization of Aβ 40–in vitro
and in silico approach. Physical Chemistry Chemical Physics, 2016. 18(28): p. 18855-18867.
Huy, P.D.Q., et al., In silico and in vitro characterization of anti-amyloidogenic activity of
vitamin K3 analogues for Alzheimer's disease. Biochimica et Biophysica Acta (BBA)-General
Subjects, 2013. 1830(4): p. 2960-2969.
Maynard, C.J., et al., Metals and amyloid‐β in Alzheimer's disease. International journal of
experimental pathology, 2005. 86(3): p. 147-159.
Barnham, K.J. and A.I. Bush, Metals in Alzheimer's and Parkinson's diseases. Current opinion
in chemical biology, 2008. 12(2): p. 222-228.
Barnham, K.J. and A.I. Bush, Biological metals and metal-targeting compounds in major
neurodegenerative diseases. Chemical Society Reviews, 2014. 43(19): p. 6727-6749.
Nasica-Labouze, J., et al., Amyloid β protein and Alzheimer’s disease: When computer
simulations complement experimental studies. Chemical reviews, 2015. 115(9): p. 3518-3563.
Li, W., et al., Effects of zinc binding on the conformational distribution of the amyloid-β peptide
based on molecular dynamics simulations. The Journal of Physical Chemistry B, 2007. 111(49):
p. 13814-13821.
Xu, L., et al., Coupling of zinc-binding and secondary structure in Nonfibrillar Aβ40 peptide
Oligomerization. Journal of chemical information and modeling, 2015. 55(6): p. 1218-1230.

Pham Dinh Quoc Huy

Page 108

Interaction of fullerene derivatives and Cu2+ ions with amyloid beta peptide and their fibrils
References
211.
212.
213.
214.
215.
216.
217.
218.
219.
220.
221.
222.
223.
224.
225.
226.
227.
228.

Miller, Y., B. Ma, and R. Nussinov, Zinc ions promote Alzheimer Aβ aggregation via population
shift of polymorphic states. Proceedings of the National Academy of Sciences, 2010. 107(21): p.
9490-9495.
Xu, L., et al., Characterization of the polymorphic states of copper (II)‐bound Aβ (1–16)
peptides by computational simulations. Journal of Computational Chemistry, 2013. 34(29): p.
2524-2536.
Raffa, D.F. and A. Rauk, Molecular dynamics study of the beta amyloid peptide of Alzheimer's
disease and its divalent copper complexes. The Journal of Physical Chemistry B, 2007. 111(14):
p. 3789-3799.
Kozmon, S. and I. Tvaroška, Molecular dynamic studies of amyloid-beta interactions with
curcumin and Cu 2+ ions. Chemical Papers, 2015. 69(9): p. 1262-1276.
Raffa, D.F., et al., Ab initio model studies of copper binding to peptides containing a His–His
sequence: relevance to the β-amyloid peptide of Alzheimer’s disease. JBIC Journal of Biological
Inorganic Chemistry, 2005. 10(8): p. 887-902.
Furlan, S., et al., Modeling copper binding to the amyloid-β peptide at different pH: Toward a
molecular mechanism for Cu reduction. The Journal of Physical Chemistry B, 2012. 116(39): p.
11899-11910.
La Penna, G., et al., Identifying, by first-principles simulations, Cu [amyloid-β] species making
fenton-type reactions in Alzheimer’s disease. The journal of physical chemistry B, 2013.
117(51): p. 16455-16467.
Seminario, J.M., Calculation of intramolecular force fields from second‐derivative tensors.
International journal of quantum chemistry, 1996. 60(7): p. 1271-1277.
Weiner, S.J., et al., A new force field for molecular mechanical simulation of nucleic acids and
proteins. Journal of the American Chemical Society, 1984. 106(3): p. 765-784.
Cornell, W.D., et al., A second generation force field for the simulation of proteins, nucleic
acids, and organic molecules. Journal of the American Chemical Society, 1995. 117(19): p.
5179-5197.
Pham, D.Q.H., M.S. Li, and G. La Penna, Copper binding induces polymorphism in amyloid-β
peptide: results of computational models. The Journal of Physical Chemistry B, 2018. 122(29):
p. 7243-7252.
Miller, Y., B. Ma, and R. Nussinov, Polymorphism in Alzheimer Aβ amyloid organization
reflects conformational selection in a rugged energy landscape. Chemical reviews, 2010.
110(8): p. 4820-4838.
Huy Pham, D.Q., et al., Computational Model to Unravel the Function of Amyloid-β Peptides in
Contact with a Phospholipid Membrane. The Journal of Physical Chemistry B, 2020. 124(16): p.
3300-3314.
Boopathi, S., et al., Zinc Binding Promotes Greater Hydrophobicity in Alzheimer's Aβ42 peptide
than Copper Binding: Molecular Dynamics and Solvation Thermodynamics Studies. Proteins:
Structure, Function, and Bioinformatics, 2020.
Li, M.S., et al., Factors Governing Fibrillogenesis of Polypeptide Chains Revealed by Lattice
Models. Physical Review Letters, 2010. 105(21): p. 218101.
Li, M.S., et al., Probing the mechanisms of fibril formation using lattice models. The Journal of
Chemical Physics, 2008. 129(17): p. 175101.
Chakraborty, D., J.E. Straub, and D. Thirumalai, Differences in the free energies between the
excited states of Aβ40 and Aβ42 monomers encode their distinct aggregation propensities.
bioRxiv, 2020.
Nam, H.B., et al., Relationship between population of the fibril-prone conformation in the
monomeric state and oligomer formation times of peptides: Insights from all-atom simulations.
The Journal of Chemical Physics, 2010. 132(16): p. 165104.

Pham Dinh Quoc Huy

Page 109

